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ABSTRACT

The homogeneous structure, and inherent tunability, of molecular glasses makes them par-

ticularly interesting for applications in material science and manufacturing. A glass is a

nonequilibrium state where the timescales of relaxation far exceed those of observation, such

that the atomic structure resembles that of a liquid but possesses the mechanical strength of

a solid. In this dissertation, the focus is on the tuning and manipulation of organic glasses,

particularly those formed by physical vapor deposition, as well as a polymer glass. Organic

glass films formed by physical vapor-deposition have demonstrated remarkable thermophys-

ical properties relative to those formed by conventional liquid cooling and aging techniques,

and can be tuned by deposition parameters. In the first part of this work, we utilize a

computational procedure that closely mimics the vapor deposition process to examine how

the mobile surface of the film influences the characteristics of the resulting films. An all

atom model of ethylbenzene was used to study the substrate temperature dependence of

molecular orientation and, by treating ethylbenzene as a simple semiconductor, the corre-

sponding effect vapor deposition has on charge transport properties of the film. This is

the first computational atomistic study of an experimentally formed vapor-deposited glass,

which demonstrated that with vapor deposition the charge transport properties can be tuned

along with providing further evidence that surface relaxation during deposition dictates the

resulting average molecular orientation within the film. We then use a coarse-grained model

of azobenzene along with an algorithm imitating the photoisomerization reaction to explore

the photostability of vapor deposited films. Our results, which are in qualitative agreement

with experimental results for the azobenzene derivative disperse orange 37, indicate that the

films formed with higher density also have a significant increase in photostability. Continuing

the exploration of the photoisomerization response in a glassy medium, we demonstrate that

the photoisomerization of a molecularly thin layer within a polymersome, which is assem-

bled from a hydrophilic-azobenzene-hydrophobic diblock copolymer, can reversibly disrupt

a glassy matrix to enable leakage in an otherwise sealed membrane via “photo-softening”.
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Finally, we explore how the location of a ethynyl groups within molecular glass photoresist

can affect the glass and structural properties of the material as well as potential confinement

effects on the structure.
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CHAPTER 1

INTRODUCTION

All the work presented in this thesis involves organic glassy systems. This chapter will

give a brief description of what an organic glass is and why these materials are of interest

within materials research and development. There will then be a discussion on “ultra-stable”

vapor deposited glasses, which have been shown to produce highly desirable properties within

certain organic glasses. Chapters 2 and 3 of this thesis are focused on studying the properties

of these glasses and how they differ with respect to their liquid-cooled counterparts.

Photoisomerization, the reaction in which structural change between isomers is caused

by absorption of a photon, is the main focus of Chapters 3 and 4. Particularly, the pho-

toisomerization of azobenzene derivatives from the trans to cis conformation. Azobenzene

derivatives have been used as molecular switches in many applications, here we are looking

at its ability to either reversibly or irreversibly transform a glass matrix. In this chapter, a

brief description of this “photo-softening” effect will be provided.

Chapter 5 focuses on molecular glasses considered for photoresists in the semiconductor

industry. The molecules considered have the same molecular weight and only differ based on

the location of three ethynyl groups, or tripled bonded carbon atoms. Glass properties de-

pend on the stiffness and internal degrees of freedom within the molecules; thus by changing

the location of the ethynyl groups and changing the rotational degrees of freedom or radius

of gyration, the Tg of the material changes.

1.1 Organic Glasses

A simple definition of a glass is a nonequilibrium amorphous solid. It is nonequilibrium as the

material is not in the thermodynamically favored state, but has become kinetically trapped.

Unlike crystalline solids, a glass is amorphous in that there isn’t a periodicity or long range

order to the microscopic structure.[35] The most common method to form a glass is by cooling
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a liquid below the melting point of the material at a rate fast enough to avoid crystallization.

This so-called “super-cooled” liquid can remain in equilibrium for a brief time as the material

is continued to cool; however, eventually the timescales of relaxation and rearrangement slow

so dramatically that the material can no longer sample configurational space properly and

becomes kinetically trapped and falls out of equilibrium. The temperature at which it no

longer can remain in equilibrium is called the glass transition temperature, Tg. The glass

formed and the Tg depend on the cooling rate used. Conventionally, Tg is consider the

temperature at which the relaxation timescales are on the order of 100s. Despite the large

timescales for relaxation, the molecules composing the glass will continue to slowly rearrange

to approach the equilibrium state, that of the super-cooled liquid, through the process of

“physical aging.” However, this process, which usually involves the density and modulus

increasing and improved thermal stability, changes at a logarithmic rate. For instance, to

observe the same change observed from aging 1 hr to 100 hr one would have to wait another

10000 hrs.

Typically people associate the term “glass” to window glass, which is a silicate-oxide

glass. However, organic glasses are used in food[152, 87], pharmaceuticals[164, 53, 80], and

organic electronic devices[17, 133]. For example, the active layer of organic light emitting

diodes (OLEDs) are an organic semiconducting glass formed via vapor deposition and used

in most smart phone displays and organic photovoltaics are composed of organic glasses.[161]

There are many applications where glasses are preferable over crystals. Unlike crystals, the

composition of a glass can be widely varied which allows for homogeneous multicomponent

films. Additionally, glasses are macroscopically homogeneous, whereas crystals tend to be

macroscopically inhomogeneous with grain boundaries that can act as charge traps or lead

to differences in device performance. Due to the nonequilibrium aspect of a glass, the glass

formed is highly dependent on the process of formation, which can be taken advantage of

for tuning towards desired properties. One method of preparation mentioned earlier is the

process of vapor deposition, which, a little over a decade ago, was shown to be able to
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produce glasses whose properties are similar to those that would require 100 to 100000 years

of physical aging, depending on the method of extrapolation.[140, 40]

1.2 Vapor Deposited Glasses

Physical vapor deposition, PVD, is the process of building a film by attaining the vapor

phase of the desired material under vacuum and allow it to condense onto a substrate.

Vapor deposition had been used to prepare and study glasses for many year[106, 60], but

it was not until the study conducted in Ref. 140 by my collaborators, the Ediger group at

the University of Wisconsin-Madison, that PVD can be utilized to form exceptional glasses

with densities, thermal stabilities, and moduli that were not practically attainable through

conventional cooling and aging processes. This enhanced stability has since been observed for

a variety of organic molecules, including, but not limited to, indomethacin[140, 170, 33, 120],

a variety of alkylbenzenes[64, 63, 65, 19, 116, 83, 137], several tris-naphthylbenzene (TNB)

isomers[31], intraconazole[50], and several organic semiconductors[6, 75, 29]. The stability of

the glass formed in all instances is dependent on the substrate temperature, Ts, at which the

films were deposited. The optimal range is typically between 0.8 to 0.9 Tg[40], and typically

with lower Ts the glasses become less stable until they are relatively less stable than the

liquid-cooled glasses. The current understanding of how these “stable glasses” are formed

is via a surface equilibration mechanism. As the film is being formed, there is a thin layer

at the top that is liquid-like in that the relax times are fast enough for the newly deposited

molecules to properly sample configurational space and form more favorable states. As Ts

the liquid layer at the top becomes smaller and the molecules have less time to equilibrate

and at very low Ts or very fast deposition rates the molecules have no time to relax and form

unstable assemblies. Studies have shown that the surface diffusion can be up to 108 times

faster than bulk diffusion at Tg.[169, 95] There have been studies to show that molecules

with comparable surface and bulk diffusion are not good stable glass formers.[18, 10]

Simulation groups, particularly our own, have developed methods for probing glassy
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dynamics and to study this effect from vapor deposition. The first simulations were per-

formed by Sadanand Singh with an all-atom model of trehalose[134] and then with the

Kobb-Anderson glass model[135]. To mimic the deposition process a substrate is created

of Lennard-Jones beads randomly arranged within the same plane and then constrained to

their initial position by strong harmonic springs. Iteratively new molecules are added slightly

above the top of the film at high temperature and then slowly cooled to the desired substrate

temperature and equilibrated at the new temperature for a short period of time. An energy

minimization is then performed over all molecule positions and then then the next iteration

is initialized. This process can be thought of as playing the game Tetris, slowly building

up the film, and has been shown to provide results that qualitatively agree with the trends

observed in experiments.

Experimental studies have shown that the vapor deposition process can influence the av-

erage molecular orientation within the glass, leading to formation of anisotropic films.[28, 26]

This is not surprising as glasses are sensitive to the method of preparation and vapor deposi-

tion is anisotropic in that it is grown in a single direction. For several different semiconduct-

ing molecules, it has been demonstrated that PVD films have a degree of anisotropic orienta-

tion that depends on molecular shape and deposition conditions, and that this anisotropic or-

dering can improve the charge carrier transport properties relative to isotropic films.[162, 161]

Simulations of vapor deposition of short polymeric molecules have also shown that physical

vapor deposition leads to stable anisotropic glasses.[85] More recent studies of organic semi-

conducting PVD glasses[29] and intraconazole[50] have shown that the average molecular

orientation can be systematically tuned as a function of Ts, while maintaining the enhanced

stability observed from PVD.

This anisotropic ordering within the glass films is consistent with the picture of the

stability gained by PVD is due to a thin liquid layer during film formation. The anisotropy

is thought to arise from the interfacial ordering that occurs at the vacuum-liquid interface.

This ordering is trapped at different states depending on the Ts and deposition rate.[29, 88]
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The degree of structural ordering observed in PVD glasses is currently thought to be a feature

of the vapor deposition process, but not necessary for enhanced stability. For example, vapor

deposited glasses of a mostly spherical molecule, tetrachloromethane, form relatively stable

glasses and are expected to form isotropic materials.[20] Similarly, simulated vapor-deposited

glasses of spherical particles[89, 117] exhibit significant kinetic stability and do not exhibit

any signs of ordering beyond those observed in liquid-cooled glasses.

Chapter 2 is the first all-atom simulation study of vapor deposition of a molecule that

has been shown to form stable glasses via PVD. The study of trehalose mentioned earlier

was never confirmed with experiments. First agreement was established between several

simulated and experimental macroscopic observables, and then the simulations were used

to examine the substrate temperature dependence of molecular orientation that had been

observed experimentally for larger molecules and coarse-grained models. The results indi-

cate that ethylbenzene glasses are anisotropic, depending upon substrate temperature, and

that this dependence can be understood from the orientation present at the surface of the

equilibrium liquid as hypothesized. By treating ethylbenzene as a simple model for molecu-

lar semiconducting materials, a quantum-chemical analysis was used to show that the vapor

deposited glasses exhibit decreased energetic disorder and increased magnitude of the mean-

squared transfer integral relative to isotropic, liquid-cooled films; an effect that is attributed

to the anisotropic ordering and increased density of the molecular film.

Chapter 3 is a collaborative study to investigate the effect vapor-deposition and the

enhanced stability associated with it can have on the reactivity within the film. Particularly,

we investigated the ability of the composing molecules to undergo the photoisomerization

reaction. Disperse Orange 37 (DO37), an azobenzene derivative, is studied as a model

system in the experiments. Photostability is assessed through changes in the density and

molecular orientation of glassy thin films during light irradiation. By optimizing the Ts used

for deposition, we were able to increase photostability by a factor of 50 relative to the liquid-

cooled glass. Photostability correlates with glass density, with density increases of up to
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1.3%. I developed a coarse-grained model to perform molecular dynamic simulations, which

utilizes an iterative method to mimic the photoisomerization reaction, also indicated that

glasses with higher density have substantially increased photostability. These results provide

insights that may assist in the design of organic photovoltaics and light emission devices

with longer lifetimes. The results in Chapter 3 are related to another glass phenomenon of

“photo-softening” that is observed with photoisomerization in polymer glass systems.

1.3 Photo-softening of Glasses

The photo-induced trans-cis isomerization of azobenzene and its derivatives has been utilized

as a trigger in applications ranging from molecular machines[3, 101] to holographic recording

devices[66]. One particular feature of azobenzene systems is the process of photo-softening in

polymer glasses. In these systems, azobenzene derivatives are incorporated in either the side-

chains or backbone of the polymer; upon irradiation, the isomerization reaction can reduce

the modulus of the material and induce a flow within the glassy material.[79, 42] During this

process, the viscosity of a polymer glass can be lowered by almost a factor of ten.[129, 73]

There is an ongoing debate as to whether the mechanism at work is an isotropic process of

“photofluidization” or an anisotropic mechanism where a mechanical stress is imposed on

the glass due to the reorientation of azobenzene units.[124, 129] In either scenario, these

observations allude to an ability to control the viscosity and material properties such as

free volume and shape in polymer glasses.[103, 157] Chapter 3 demonstrates that the cyclic

process of trans→cis→trans isomerization enacted can irreversibly lower the density and

change average molecular orientation in an ultra-stable glass films of DO37.

In a recent report, photo-softening was used in vesicles to trigger an order-disorder transi-

tion in the liquid crystal composite of the membrane. By enacting the isomerization process,

proton transfer was observed to increase through the vesicular membrane.[158] In Chapter 4,

we utilize the photo-softening effect to control the mobility within a thin layer of polymer

glass. Unlike the majority of the previously mentioned studies, a single azobenzene unit is
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incorporated into the backbone of an amphiphilic diblock copolymer, PEG-azo-PLA, rather

than attached to a side-chain, which is located at the interface of hydrophilic polyethyleneg-

lycol (PEG) and hydrophobic poly-DL-lactide (PLA) blocks. We demonstrate that with this

assembly we are able to reversibly increase the mobility and disrupt the packing of the glassy

PLA layer. A previous study has shown that a similar assembly forms vesicles and can be

used for nano-encapsulation. In that study, the load was released through environmental

changes causing the vesicle to rupture.[78] By taking advantage of the photo-softening affect

in Chapter 4, the mobility in the sealed hydrophobic layer can be increased in a controlled

manner, which could lead to controlled leakage of the membrane without dissociating the

vesicular structure.
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CHAPTER 2

INFLUENCE OF VAPOR DEPOSITION ON STRUCTURAL

AND CHARGE TRANSPORT PROPERTIES OF

ETHYLBENZENE FILMS

In this chapter we further delve into the connection that was starting to be draw between

the surface relaxation during film formation and the resulting average orientation within the

bulk of the film. Prior to this work, trehalose had been the only all-atom model utilized in

simulations of vapor deposition, which has not been shown experimentally to form stable

glasses[134]. An effect on molecular orientation was observed in that study; however, this

was not further investigated until a coarse-grained model was used.[88] Here we performed

a comprehensive all-atom study using an experimentally established stable glass former,

ethylbenzene. Unlike the coarse-grained model used in Ref. 88, a distinct head and tail

direction can be defined, which allows us to look more closely at the rotational relaxation of a

molecule at the film surface and the resulting molecular orientation. We do observe a favored

orientation with the ethyl groups pointing towards the vacuum at the interface. Furthermore,

ethylbenzene can be treated as a simple organic semiconductor to investigate the effect vapor

deposition has on the charge transport properties of the film. All the electronic structure

calculations and analysis were performed by Dr. Nicholas Jackson, whereas I performed all

the other simulations and analysis.

Copyright Statement

The material included in this chapter has been published in ACS Central Science [4] and is reproduced with

permission from the American Chemical Society. The full reference is:

Lucas W. Antony, Nicholas E. Jackson, Ivan Lyubimov, Venkatram Vishwanath, Mark D. Ediger, and Juan

J. de Pablo, “Influence of Vapor Deposition on Structural and Charge Transport Properties of Ethylbenzene

Films”. ACS Central Science 3 (5), 415-424 (2017)
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2.1 Introduction

Glasses are typically formed by cooling a liquid at a sufficiently fast rate to avoid crystal-

lization. As the liquid approaches the glass transition temperature, Tg, the characteristic

relaxation times and viscosity increase substantially, and eventually the supercooled liquid

falls out of equilibrium. The properties of the resulting glass, such as its kinetic stability

and density, depend on the cooling rate. Such properties can evolve over time by letting

the material relax towards equilibrium, a process referred to as “physical aging”. Physi-

cal vapor deposition (PVD), a process in which molecules are deposited onto a substrate

held at a temperature below Tg, has been shown to create glass films with enhanced ki-

netic stability. For some materials, the properties of PVD glasses are in fact comparable to

those expected of highly aged, liquid-cooled glasses[140, 74, 142] This enhanced stability has

been observed for a variety of organic molecules, including indomethacin[140, 170, 33, 120],

a variety of alkylbenzenes[64], toluene and ethylbenzene[63, 65, 19, 116, 83, 137], several

tris-naphthylbenzene (TNB) isomers[31], and several organic semiconductors[6, 75, 29].

In recent years, the discovery of these highly stable glasses has motivated simulation

efforts to create stable glasses in silico. Using a protocol based on the vapor deposition pro-

cess, a series of simulation studies have examined the increased stability of vapor deposited

glasses relative to conventional glasses, and the influence of the process itself. That work has

focused on relatively simple models that are known to be good glass formers. These include

the so-called Kob-Andersen model[135, 89, 57], short-chain coarse-grained polymers[85], and

a 2D version of the Kob-Andersen model[117].

Experimental studies have shown that the vapor deposition process can in some cases in-

fluence the average molecular orientation within the glass, leading to formation of anisotropic

films.[28, 26] In particular, Yokoyama and others have demonstrated for several different

semiconducting molecules that PVD films have a degree of anisotropic orientation that de-

pends on molecular shape and deposition conditions, and that this anisotropic ordering can

improve the charge carrier transport properties relative to isotropic films.[162, 161] Simula-
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tions of vapor deposition of short polymeric molecules have also shown that physical vapor

deposition leads to stable anisotropic glasses.[85] More recent studies of organic semicon-

ducting PVD glasses[29] and intraconazole[50], a smectic liquid crystal, have shown that the

average molecular orientation can be systematically tuned as a function of the substrate tem-

perature, Ts, while retaining the enhanced density and kinetic stability that is imparted by

the PVD process. The anisotropic ordering within the glass films is now thought to arise from

the interfacial ordering that arises at the vacuum-liquid interface; that order is trapped in

the glassy film as it is grown by PVD, leading to materials whose structure in the glass is dif-

ferent from that obtained in the bulk of liquid cooled glasses.[29, 88] The degree of structural

ordering observed in PVD glasses is currently thought to be a feature of the vapor deposi-

tion process, but not necessary for enhanced stability. For instance, vapor deposited glasses

of tetrachloromethane, which is a mostly spherical molecule, form stable glasses (with high

onset temperatures relative to the liquid-cooled material) and are expected to form isotropic

materials.[20] Similarly, simulated vapor-deposited glasses of spherical particles[89, 117] ex-

hibit significant kinetic stability and do not exhibit any signs of ordering beyond those

observed in liquid-cooled glasses.

Molecular simulations have provided important insights into the structure and properties

of vapor deposited glasses and into key features of the PVD process itself. However, all

simulations studies to date have focused on simplified models that do not exhibit the struc-

tural richness of realistic, atomistic systems. An exception is provided by an early study of

trehalose, which revealed significant anisotropy in a stable glass. Trehalose, however, has

not been considered in experimental PVD processes, partly because it can easily crystallize,

and it is therefore difficult to interpret the results of that study. In this work, we investigate

the formation of glasses by physical vapor deposition for ethylbenzene (EB), and we examine

its effects on molecular orientation and, importantly, on the corresponding charge transport

descriptors that would be relevant for semiconducting applications. Ethylbenzene is one

of the smallest PVD stable glass formers that have been studied in the literature. Care-
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fully generated experimental data for this molecule are now available from multiple research

groups,[63, 65, 19, 116, 83, 137, 14] making it a good candidate for an in-depth computational

study of an atomistic vapor deposited glass. Note, however, that structural studies have not

been performed before on vapor deposited films of ethylbenzene; it is therefore not known

whether the resulting materials are isotropic or not. Our simulations provide evidence sug-

gesting that the vapor deposition process can in fact be used to tune molecular orientation

even in slightly asymmetric molecules, such as ethylbenzene. Along with those findings, we

also examine the corresponding effect that PVD growth can have on the charge-transport

properties of the resulting glassy films.

It is important to note that ethylbenzene itself is not a practically useful semiconduct-

ing molecule. However, from a theoretical point of view, it serves as an excellent model

system for examining the impact of variable morphologies on relevant charge transport pa-

rameters; ethylbenzene’s conjugated ring and small alkyl side-chain can be treated as a

minimal model for the design motifs of common molecular semiconductors[96]. Given the

promise of vapor deposition to form stable glasses of organic semiconducting molecules, it

is important to understand the impact that subtle changes in morphology may have on

molecular-scale descriptors of charge transport. Since the majority of non-crystalline molec-

ular semiconductors operate in the activated hopping regime of charge transport[9], which

can be accurately described by a non-adiabatic theoretical framework[70], the two relevant

parameters that are most strongly influenced by morphology are the molecular site-energies

and transfer integrals between molecules[8]. The local site-energy of a molecule, deter-

mined by the orientation of nearest-neighbor molecular dipoles[36], impacts the density of

states through which charge transport occurs. If this density of states is too broad, due to

large site-energy disorder, charge transport is inhibited by localization into low-energy trap

states[9]. Similarly, the transfer integral (electronic coupling) between the valence orbitals

of two neighboring molecules dictates the maximum rate of charge hopping between those

molecules; if the mean-alignment of neighboring molecules results in poor molecular orbital
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overlap, the maximum possible rate of charge hopping decreases, and charge transport is

hindered[145]. While it is heuristically known that one can strongly influence these parame-

ters via changes in morphology, a rational and systematic modification of these parameters

via deliberate changes in processing parameters is difficult to achieve. Here we couple the

ability to control orientational order in molecular simulations with a quantum-mechanical

analysis of site energies and transfer integrals to understand the impact of PVD on charge

transport parameters of stable glasses.

2.2 Results and Discussion

Experimental observation timescales for glass behavior are typically on the order of seconds

or longer, whereas for all-atom simulations, the accessible timescales are on the order of nano-

seconds. Due to this discrepancy in timescales and rate dependence of glass properties, in

simulations it is better to base the substrate temperatures for vapor deposition on the lowest

practical simulated fictive temperature Tf rather than the conventional Tg for the material.

The fictive temperature is given by the intersection of the equilibrium liquid property of

interest (e.g. enthalpy or density) extrapolated to lower temperatures, and the glass line

property extrapolated to higher temperatures. A total of three cooling rates were considered

here, namely: 10K/ns, 5K/ns, and 1K/ns. The intensive per atom potential energy Uatom

was used to define Tf, as it exhibits a linear temperature dependence for both the glassy

and liquid states. The change in slope when the liquid falls out of equilibrium is subtle; SI-

Figure 2.8c displays the temperature range over which the transition occurs. A dependence

of about 6 K per decade decrease is observed in Tf as the rate is decreased for the three

rates considered. The effective glass transition temperature Tg in this study is defined as the

Tf for the slowest cooling rate, which is 146 K (marked by grey lines on SI-Fig. 2.8). The

density, ρbulk, and the average Debye-Waller factor for the middle bulk region (defined in the

Methods section) are shown in panels (a) and (b), respectively, in SI-Fig. 2.8. Glassification

is also observed in these two properties, where the rate of change is considerably smaller once
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the material becomes glassy on the time scale of our simulations for both. The super-cooled

liquid deviates from the equilibrium line at higher temperatures as the rate increases, and

becomes trapped in a lower-density and higher-energy state.

In order to validate the model, the conventional Tg value can be estimated via extrap-

olation. Conventionally, the glass transition is defined as the temperature at which the

structural relaxation reaches τα = 100 seconds. Within the domain of 10−14 < τ < 102 and

T > Tg, the relaxation times τ and the viscosity η follow a Vogel-Fulcher-Tammann (VFT)

expression of the form

log(τ) = A+
B

T − T0
. (2.1)

SI-Figure 2.9 shows the rotational auto-correlation for the bulk region of the films in the

temperature range from 150 K up to 350 K. The VFT expression requires that the liquid

films be fully relaxed, and, as evident in SI-Figure 2.9, 150 K is the lower limit accessible to

simulations. A stretched exponential was fitted to each rotational auto-correlation function,

leading to a relaxation time τrot (the fit parameters are given in SI-Table 2.1). The τrot

relaxation times were fitted to the VFT relation (SI-Fig. 2.10), giving A = −11.98, B = 206.8

K , and T0 = 112.8 K. Extrapolation of the relaxation times to τrot = 100 seconds yields a

Tg ≈ 128 K. This value is not too different from the reported glass transition temperature

for ethylbenzene of 115 K.[63, 116, 19] The fragility of the material can also be determined

from the fit parameters according to

m =
(2− A)

(
B + T0(2− A)

)
B

, (2.2)

which gives a value of m = 121 by extrapolation. These values are in reasonable agreement

with those calculated by Chen et al. in Ref. 19 who measured the dielectric relaxation of

EB. In their results, a fit of A = −15.0, B = 344.4 K, T0 = 95.5, and m = 97.5 were

obtained. Moreover, Chen et al. observed the temperature dependence of the dynamics does

not follow a single VFT law over the entire range of temperatures, such that temperatures
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closer to experimentally defined Tg, which are not accessible to simulations, would lead to

improved agreement. Note that τrot is already on the order of 100 nano-seconds at T = 150

K, which is comparatively the same order of magnitude as the longest practical runtime

for all-atom films. The relaxation rate for films any lower in temperature would be far too

large to equilibrate on practical timescales, which is in accordance with our lowest fictive

temperature and effective Tg of 146 K.

2.2.1 Enhanced stability

Vapor-deposited films of ethylbenzene were generated according to the scheme outlined in

the Methods section onto substrates with temperatures ranging from 95 K up to 145 K,

which is just below the effective Tg of our system (146 K). In order to assess the relative

stability of the various films, the per atom inherent structure energy EIS was calculated for

the bulk region of each film. The energy of the entire system was minimized after the film

was cooled to 70 K at a rate of 10 K/ns, in order to allow the film to relax in the x and y

dimensions prior to quenching. As illustrated in Figure 2.1, a linear fit to EIS relative to

log10(qc) was used to extrapolate what the corresponding cooling rate would need to be in

order to achieve the EIS of each vapor deposited film. The EIS decreased approximately

7.7 × 10−3 kcal/(mol·atom) per decade decrease in cooling rate. A similar calculation was

performed on ρbulk, as discussed in the supporting information. Our results indicate that all

the vapor deposited films exhibit a lower EIS than the liquid-cooled glass. Note that PVD

films are closely clustered together around an estimated cooling rate of 0.1 K/ns, which

would take on the order of months to years of simulation time to produce by liquid cooling.

To further assess the relative stability of the films, we subjected them to a heating cycle

at a rate of 5 K/ns. The temperature at which the film begins to return to the equilibrium

liquid state, referred to as the onset temperature and denoted by Ton, is a measure of kinetic

stability. For the liquid-cooled glass, this Ton is 159 K in Fig. 2.2. All the PVD glasses

prepared here have higher Ton, with values in the vicinity of 170 to 172 K for all deposition
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Figure 2.1: The intensive inherent structure energy, EIS, for the bulk region. The black
points are calculated from the liquid-cooled glasses as a function of cooling rate, qc. The
vapor deposited glasses (colored points) are plotted by the predicted qc, assuming a linear
relation between Eis and the order of qc(dashed line). Error bars are calculated from the
standard deviation of three samples for vapor deposited films and five samples for the liquid-
cooled.

temperatures considered here as seen in SI-Figure 2.11. This finding is consistent with the

enhanced EIS and ρbulk observed for PVD films. For the sake of comparison, Ts=120 K is the

only PVD glass shown in Fig. 2.2. The PVD glass loses the enhanced stability upon entering

the liquid state and has a Tf of around 148 K upon cooling, as was observed previously for

qc= 5 K/ns.

2.2.2 Structural orientation

The orientation of ethylbenzene molecules is quantified in terms of the vector pointing from

the carbon atom para to the ethyl group to the α-carbon of the ethyl group (SI-Fig. 2.18a).

To characterize the molecular orientation within the bulk region of the films, we relied on

two orientational order parameters defined by the first and second Legendre polynomials
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Figure 2.2: Ton comparison of the slowest cooled glass, qc= 1 K/ns, and the films deposited
at Ts = 120 K. The darker blue and the black curves represent the intensive potential energy
of the film during a heating run at a rate of 5 K/ns. The films were then cooled and reheated
at the same rate (light blue and dark cyan). The dashed lines are linear extrapolations from
the glass line, and from the temperature range where the glass returns to an equilibrium
super-cooled liquid. Red and orange solid lines mark the onset temperature Ton for the
liquid-cooled glass and vapor deposited glass, respectively.

given by

P1 =
〈
n · nz

〉
bulk

=
〈

cos(α)
〉

bulk
(2.3)

P2 =
〈
P2 (n · nz)

〉
bulk

=
3

2

〈
cos2(α)

〉
bulk
− 1

2
(2.4)

where the dot product is between the unit vector along the molecular axis, n, and the unit

normal to the substrate, nz, as shown in SI-Fig. 2.18a. The dot product is given by the

cosine of the angle α between the molecular axis and nz, and averaging was performed over

all molecules within the middle bulk region of the film. The two order parameters provide

complementary information about the average molecular orientation within the film. P1

identifies if the molecules are pointed perpendicular to the substrate with the ethyl group

pointed to the surface (P1 = 1) or towards the substrate (P1 = −1); however, a value of 0

can either mean that the film is isotropic, or that molecules are parallel to the substrate.
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Parameter P2 indicates if the molecule is generally perpendicular to the substrate (P2 = 1),

parallel (P2 = −0.5), or isotropic (P2 = 0). Thus, P1 elucidates whether P2 = 1 means that

molecules are pointed up or down, and P2 determines whether P1 = 0 means that the film

is isotropic or parallel.
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Figure 2.3: Bulk averages for P1 = cos(α) (black) and P2 = 1
2

(
3 cos2(α)− 1

)
(red) as

a function of substrate temperature, Ts, where α is the angle between the normal of the
substrate and the orientational vector as shown in SI-Figure 2.18a. The dashed lines are to
guide the eye and the dotted blue line is 0 to distinguish deviation from random for both P1
and P2. The insert describes the molecular orientations corresponding to the different P1
and P2 values.

Figure 2.3 shows the substrate temperature dependence of the average molecular orien-

tation within the prescribed bulk region. Consistent with experimental measurements and

results from coarse-grained simulations of vapor deposited films, that dependence is found

to be non-monotonic. When Ts is slightly below Tg, in this case 120 K < Ts < Tg = 146 K,

there is a slight tendency for the molecules to orient perpendicular to the substrate (P2 > 0)

such that the ethyl groups are pointed towards the surface (P1 > 0). For Ts < 125 K, the

molecules start to orient more parallel to the substrate, with P2 < 0 and P1 decreasing

towards zero after 125 K.
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Figure 2.4: Distribution of P1 = cos(α) values in the bulk of the liquid-cooled glass (black),
where qc= 1K/ns, vapor deposited glasses for Ts values of 95 K, 115 K, and 125 K (colored).
Calculated using a Gaussian kernel density estimation (bandwidth = 0.10).

Figure 2.4 provides the full cos(α) distribution for the liquid-cooled glass and a subset

of the PVD glasses (a larger subset provided in SI-Fig. 2.14). For reference, a dotted line is

shown to illustrate the uniform distribution that is expected for a completely isotropic film.

The liquid-cooled glass exhibits a relatively uniform distribution, within some sampling error,

as expected. For all PVD glasses the ethyl groups point away from the substrate to some

degree. For the films just below Tg, there is a tendency towards slightly positive values, with

a peak around cos(α) = 0.75 and monotonic decrease for lower cosine values as is evident

for Ts= 125 K. For the films deposited at the lowest substrate temperature, 95 K, the peak

is almost symmetric at cos(α) = 0. This is indicative of the molecules being oriented in the

plane of the substrate, with very little perpendicular orientation. The substrate temperature

Ts=115 K represents the transition from the positively skewed distribution to the distribution

of the lower Ts, with the peak located at zero with a relative plateau from 0 to 1.0.

In a previous coarse-grained study, Lyubimov et al. connected this Ts dependent molec-

ular orientation to features observed at the liquid-vacuum interface.[88] We performed a

similar analysis with ethylbenzene, but we focused on the rotational correlation during the

deposition process with respect to the molecular orientation in the immobile state. In other

18



words, where in the previous study the correlation was based on P2, here we define for each

molecule i a quantity

pi(t) = ni(t) · n
f
i = cos(δi), (2.5)

where ni(t) is the molecular orientation unit vector of molecule i at time t, n
f
i is the orien-

tation of the final immobilized state, and δi is the angular displacement between them. The

average rotational correlation with respect to n
f
i was calculated over the bulk molecules by

p1(t) =
1

Nb

Nb∑
i=1

pi(ti + t), (2.6)

where ti denotes the moment in time when molecule i was deposited on the free surface. The

averaging was done over all molecules in the middle bulk region at the end of deposition,

Nb. Similarly, the average depth into the film at time t since deposition was defined by

〈zsurf(t)〉 =
1

Nb

Nb∑
i=1

zinterface(ti + t)− zi(ti + t), (2.7)

where zinterface(ti + t) is defined by where the density drops to 50% of the bulk value in the

z dimension and zi(ti + t) is the z location of molecule i.

By plotting p1(t) with respect to 〈zsurf(t)〉 in Fig. 2.5a, we get the average rotational

correlation to the final immobilized orientation relative to film depth. All PVD films, except

for those deposited at the two coldest Ts, start with zero or near-zero correlation to the final

orientation. In accordance with what was observed for coarse-grained molecules Ref. 88, as

the molecules become more deeply embedded into the film, the rotational correlation to the

glass state p1(t) smoothly approaches unity. The curve shifts to the left as Ts is lowered,

indicating that the molecular orientation becomes frozen-in at shallower depths, and thus

each molecule has a shorter period of time from when it is first introduced to when it is locked

into the immobilized glassy state. For instance the films with Ts = 95 K or 105 K are shifted

such that the initial correlation value is as high as 0.25 at 〈zsurf(t)〉 ≈ 0. The immobilized
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orientation of the molecules deposited onto these films is correlated to the orientation of the

molecules when they come into first contact with the film.
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Figure 2.5: The top panel (a) is the correlation function for molecular orientation during
deposition, p1(t). The function is shown for all substrate temperatures. The lower panels
(b, c and d) contain data for the equilibrium liquid at four different temperatures: 170K
(black), 186K (red), 200K (blue), and 250K (green). The panels (b), (c), and (d) display
relative to the distance from the surface of the film, zsurf, the orientation parameters P1 and
P2 as well as the density, respectively. The dashed lines from panel (a) to panel (b) mark
the depth in the equilibrium liquid that the corresponding correlation function p1(t) has a
value of (1− 1/e) = 0.632 for each Ts.

Keeping with the procedure outlined by Lyubimov et al., Ref. 88, we define a rotational

arrest time, ta, through the relation 1 − p1(ta) = 1/e (horizontal dashed line of Fig. 2.5a).

The distance from the free surface at which this occurs is denoted by za = 〈zsurf(ta)〉. For

each of the PVD glasses, the corresponding za is marked by a vertical dashed line in Fig. 2.5a

(colored according to Ts). This gives a distance into the film at which the molecules become

arrested, and thus a measure of how thick the mobile layer is during the vapor deposition

process. There is a sudden shift between Ts = 130 K and Ts = 140 K due to the exponential

temperature dependence of glass relaxation (SI-Figure 2.13).

Focusing on the equilibrium liquid films of ethylbenzene, there is a notable orientation

preference at the vacuum-liquid interface, as was observed for the coarse-grained model and
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atomistic TPD simulations. Figure 2.5(b, c, and d) show, respectively, the P1 and P2 order

parameters and the density, ρ, relative to the distance from the free interface, zsurf, for films

held at four different temperatures above the effective Tg. As observed in previous studies,

the density is relatively featureless, with a uniform profile prior to a monotonic decay at

the interface, whereas P1 and P2 reach a maximum at a depth of about 0.4 nm, or half a

molecular length. Right at the free surface, P1 is near zero and P2 is negative, indicating that

the molecules are preferentially aligned parallel to the surface at first contact. For zsurf ≥ 0.8

nm, or slightly larger than one molecular length, P1 = P2 = 0, indicating that molecular

orientations are random for the bulk of the film. Between the free surface and 0.4 nm, P2 goes

from negative to slightly positive and P1 becomes increasingly significant, Fig. 2.5(b)-(c). In

this region, the molecules go from a preferential parallel orientation to one that is slightly

oriented with the ethyl groups pointing towards the vacuum region. Deeper into the film,

where 0.4 nm < zsurf < 0.8 nm, both P1 and P2 decrease towards zero, indicating that the

preferential order decays and the material becomes isotropic at these depths. The deviation

from isotropic for P1 and P2 as zsurf → 0 begins at the same point for each temperature,

and the peak zsurf for both order parameters remains the same. Moreover, P2 switches sign

and thus become parallel to the substrate at the same depth, for all consider temperatures

refer to Fig. 2.5c. However, as observed for the coarse-grained model, the height of the peak

in the order parameters increases as the temperature approaches Tg.

Following the mechanism proposed in Ref. 88, we connect the za to the values of P1 at

the same depth into the film (dashed lines from panel (a) to (b) in Fig. 2.5). In Figure 2.6,

we compare the values of P1 for each Ts (black) with the values for T = 170 K corresponding

to za defined by either 1 − p1(ta) = 1/e (red) or 1 − p1(ta) = 0.5 (blue). All curves have

relatively the same shape, though the predicted values for 1/e are shifted to the left and peak

at 125 K whereas the measured values peak at 120 K. Defining za based on 1− p1(ta) = 1/e

is rather arbitrary, though inspired by typical exponential decay. This value of 1/e could be

shifted in order to more properly fit the measured data, but the relative correlation between
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Figure 2.6: The value of P1 from the 170K equilibrium liquid at the zsurf where p1(t) =
(1− 1/e) = 0.632 (red) and 0.5 (blue) for the given substrate temperature from panels (a)
and (b) Figure 2.5.

the orientation at the free surface of the film and the liquid and what is observed in the PVD

glasses would remain. For instance, za based on 1 − p1(ta) = 0.5 provides a similar peak

position, thus the corresponding curve is in better agreement with the observed P1 values

(Fig. 2.6 blue). We also note that the analysis outlined above and shown in Figure 2.6 is

more clearly manifest on P1 than it is on P2.

The previous characterizations neglected to address a component of structural ordering

crucial to charge transport: the orientational correlations between neighboring molecules.

The relative orientation of the pi-systems for two ethylbenzene molecules, described by the

normal vector of each benzene ring, will, when taken in conjunction with their separation

distance, be directly related to the magnitude of the electronic transfer integral.[145] To

examine these local correlations, we plotted the alignment probability as a function of neigh-

bor distance (SI-Fig. 2.15). While from SI-Figure 2.15 it is apparent that there is a slight

enhancement in the ordering of local molecular orientations for the 120K PVD film relative

to the liquid-cooled film, the change is very subtle. Whereas in more practical molecular

semiconducting molecules we expect a stronger correlation due to pi-stacking effects, for
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benzene, it is well-known that the pi-stacking configuration is not a global minimum energy

configuration relative to the “T-structure”, and many competing minimum energy config-

urations exist.[136] Consequently, there is no expectation of pi-stacking being the deeper

energy minimum configuration within the stable glasses.

To further explore the nature of the orientational correlation networks within the films,

we have used a graph-theoretical approach inspired by previous work [68] and constructed

adjacency matrices using correlation functions between neighboring ethylbenzene molecules.

By examining the eigenvalues of the corresponding Laplacian matrix, we use the algebraic

connectivity as a measure of structural correlations within these graphs.[98] As observed

in the SI, the enhancement of the graph’s connectivity for the 120K PVD film is slightly

increased relative to the liquid-cooled film, but the effect is within the error bars of both

results. In summary, a slight enhancement of local orientational correlations between neigh-

boring pi-system normal vectors is observed, though it is not a priori expected that this

effect be large for this system, whereas it would be expected to be much larger for practical

molecular semiconductors.

2.2.3 Charge Transport

Figure 2.7a shows the distribution of site energies in ethylbenzene for the vapor-deposited

glass at 120 K normalized to the mean site-energy value, and a similar plot is provided in

SI-Figure 2.16a for the liquid-cooled glass (qc= 1 K/ns). The distributions fit well to a

Gaussian distribution of site-energies, as is commonly considered in organic semiconducting

materials.[43] Fitting the standard deviation of the site-energies yields a site-energy disorder

parameter of 222 ± 2.6 meV for the liquid cooled glass, nd 201 ± 1.3 meV for the vapor-

deposited glass, using a simple bootstrapping analysis for the error. While this difference

appears small, it is quite consequential, particularly given the fact that the stability and ori-

entational effects in simulated systems are significantly less than experimentally observed,

that ethylbenzene is a relatively non-polar molecule, and that actual organic semiconducting
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molecules of relevance will be significantly larger, thus exhibiting greater potential for orien-

tational preferences. As such, this ≈ 20 meV difference in energetic disorder is considerable.

Typical values of the site-energy disorder range between 0 and 300 meV, making this 10%

change for ethylbenzene an important consideration for molecular design, especially provided

that larger, more anisotropic molecular semiconductors used in practical applications should

exhibit larger orientational preferences than our minimal ethylbenzene model.[96]
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Figure 2.7: Histograms of the (a) molecular site-energies in eV and (b) the transfer integrals
(eV) for the 120K vapor-deposited glass.

Figure 2.7b shows the distribution of transfer integrals for the vapor-deposited glass at

120 K (see SI for distribution of liquid-cooled glass). Computing the mean-squared electronic

coupling for this system, which is the relevant prefactor in a non-adiabatic rate expression,

yields 23.08 ± 0.01 meV for the vapor-deposited glass and 21.04 ± 0.02 meV for the liq-

uid cooled glass. This 2 meV increase in the RMS transfer integral is substantial, as the
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maximum value of the transfer integrals in these systems in which Marcus-like theories

apply is 25 meV. Consequently, we again observe an approximately 10% effect in the en-

hancement of the electronic couplings between stable ethylbenzene glasses and conventional

liquid-cooled glasses. Again, for a molecular semiconductor utilized in practical applications,

we would anticipate a larger effect due to the increased pi-electron system size and potential

for anisotropic ordering.

The enhancement in the transfer integral and the decrease of structural disorder can

be directly related to the structural ordering of the system.[23] In the case of the transfer

integral, its enhancement could conceivably arise from two effects. First, all neighboring

ethylbenzene molecules are on average closer together for the 120 K PVD glass due to the

relatively higher density, and thus the transfer integrals (which depend exponentially on

the relative separation of the COG) will increase. Secondly, the increase in the neighboring

orientational correlations between ethylbenzene molecules were shown to marginally increase

(see SI), and the overlap of the pi-orbital systems should consequently increase.[145] We have

evidence for both effects contributing here, though it is our expectation that the relative

importance of the density-dependent effect and the orientational-dependent effect do not

properly represent common organic semiconductors, as the pi-stacking configuration of two

ethylbenzene molecules is not a deep global minimum[136], as it is in the majority of practical

molecular semiconductors with significantly larger pi-electron systems.[51]

Regarding the decrease in the site-energy disorder, this effect is in agreement with the

observed trends in the structural ordering of the films. Since the site-energy of the hole state

of a molecule depends strongly on the relative orientation of the neighboring dipoles,[36] the

increased structural ordering of the film should lead, on average, to a more uniform dipolar

environment around each ethylbenzene molecule[67], leading to decreased energetic disorder.

Again, we expect this effect to be further magnified in systems of more practical molecular

semiconductors due to the larger magnitude of neighboring pi-stacking interactions to induce

strong local ordering.
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A third effect which influences charge transport in these systems, and which could poten-

tially be tuned by PVD, is the role of the charge transport network topology.[68] For a hop-

ping charge to traverse the length scale of a device, it must depend not upon single molecule

properties alone, but on the correlated hops between a number of aligned molecules (a one-

dimensional stack of pi-electron entities). Given the inherent weakness of van der Waals

forces relative to thermal energy, the self-assembly of these molecules over device length

scales is difficult. PVD presents a potentially useful mechanism for the alignment of charge

transport entities over length scales larger than that dictated by van der Waals forces alone.

Previous experimental work has described the importance of molecular orientation effects

for charge transport and light-emitting diode applications, where the specific alignment of

molecules over large length scales can lead to considerable optoelectronic enhancements.[161]

While our graph-theoretical orientational correlation function is a step in this direction, the

full analysis of the topology of the charge transport network, and how this varies with de-

position conditions, could be integral to inducing directional charge transport within the

deposited films. Work is currently underway studying this effect in more practical organic

semiconductors, where the local orientational ordering, and thus the charge transport topol-

ogy, depends on a deep pi-stacking minimum, and are more strongly modified by the PVD

process.

2.3 Conclusions

These simulations make a series of predictions about the structure of vapor-deposited glasses

of ethylbenzene in line with known experimental observables, as indicated by the computed

glass transition temperature and fragility. Vapor deposition onto substrates with temper-

atures ranging from 95 K to 145 K led to films with enhanced kinetic stability and lower

inherent structure energies relative to liquid-cooled glasses; the onset temperatures were

found to be up to 11 K above those of liquid cooled films. The substrate-temperature depen-

dent anisotropic behavior observed in past studies of larger molecules was demonstrated to
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also occur for this smaller molecule. These calculations indicate that even slightly anisotropic

molecules can result in anisotropic glasses when vapor-deposited. Consistent with past work

for coarse-grained TPD molecules by Lyubimov et al.[88], the anisotropic molecular orienta-

tion in the films can be traced back to molecular ordering observed at the vacuum interface

of the equilibrium liquid.

Using ethylbenzene as a minimal model for common organic semiconducting molecules,

we also examined the effects of PVD-induced structural effects on molecular descriptors

relevant to charge transport, specifically the distribution of site-energies and the transfer

integrals between molecular sites. Our simulations demonstrate a 10% (≈ 20 meV) decrease

in energetic disorder and a 10% (2 meV) enhancement of the mean-squared transfer inte-

grals within the vapor-deposited film, relative to the slowest liquid cooled film. Given the

under-prediction of structural order in simulated films relative to experimental films, and

the larger, more anisotropic dimensions of organic semiconductors used in practical semi-

conducting devices, we expect these effects to be potentially considerable in stable glasses of

common organic semiconductors. Moreover, the ability of PVD to tailor the global molecular

orientation of molecules in a stable glass film has potential ramifications for tailoring the

topology of charge transport networks, an idea which will be explored in future work.

2.4 Methods

2.4.1 Simulated Vapor Deposition

Atomistic simulations of ethylbenzene (EB) films were performed with the all-atom opti-

mized potential for liquid simulations (AA-OPLS) force field.[69, 72] The substrate was

constructed of Lennard-Jones particles with characteristic energy and size similar to those

of silica (σ = 3Å, ε = 5.2 kJ/mol, mass = 60, and density = 2650 g/L) as used in previous

all-atom PVD simulations.[134] Each substrate atom was restrained to its initial position

through a harmonic potential, where the spring constant was K = 104 kJ/(mol nm2). The
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volume of the system was held constant with box dimensions 5 nm×5 nm×20 nm, and

periodic boundary conditions were enforced in the lateral directions. The x and y dimen-

sions are about 7 times the molecular length of EB (≈ 7.25Å). The length of the box in

the z direction (perpendicular to the substrate) was sufficiently large to encompass the film

during deposition, with ample amount of vacuum space to avoid interaction between the

top layer of the films at any temperature used in the study and the periodic image of the

substrate (SI-Fig. 2.18). Coulombic forces were calculated using the particle mesh Ewald

algorithm[41] with a force and potential correction applied in the z dimension in order to

produce a pseudo-2D summation.[160] Molecular simulations were carried out using the

GROMACS 4.6.3 simulation package.[59, 112] Covalent hydrogen bonds were constrained

using the SETTLE[97] and LINCS[58] algorithms. All simulations were performed with a

time step of 2 fs. A stochastic integrator was used during the vapor deposition process de-

scribed below.[49] This choice was made due to the small number of atoms being coupled

to the thermostat at certain points of the process. During production runs, including the

heating and cooling runs, temperature coupling was achieved using velocity rescaling with a

stochastic term.[16]

The deposition cycle consists of six repeated steps: (i) introduction of two randomly

oriented molecules within 1.5 molecular lengths above the film surface (red in SI-Fig. 2.18b),

(ii) minimization of the energy for the entire system using the conjugate gradient method, (iii)

equilibration of the newly introduced molecules at high temperature (T=200K) for 200 ps,

(iv) linear cooling over a period of 1200 ps of the newly introduced molecules to the substrate

temperature, (v) a short equilibration of these molecules at the substrate temperature for

an additional 200 ps, and finally (vi) minimization of the energy for the entire system. A

separate thermostat is used to maintain the previously deposited molecules and substrate

particles at the desired substrate temperature throughout the cycle. Any molecules that

remain in the vacuum region, dissociated from the film at the end of a deposition cycle, are

deleted to avoid the formation of separate aggregates. The energy is minimized at the start
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and end of the cycle, as discussed in previous work[134], in order to help relax the films

during the relatively shorter timescales that are accessible to simulations compared to those

used in experiments. This process was repeated until all the films have at least 1200 or more

EB molecules inserted, which in the glass state corresponds to a film thickness of about 8

nm (SI-Fig. 2.17).

The bulk of the film was defined to be from 4.8 nm to 7.2nm in the z dimension, or roughly

3.3 molecular lengths thick. These limits are based on where the substrate effect in the den-

sity fluctuations is dampened and where the Debye-Waller factor becomes relatively constant

before rapidly increasing again near the free interface, as demonstrated for the three sam-

ples deposited at Ts=130K (0.89Tg) in SI-Figure 2.17 and highlighted in SI-Fig. 2.18b. The

Debye-Waller factor, denoted by
〈
u2
〉
, is defined as the average mean-squared-displacement

of hydrogen atoms after 20 ps; this is a commonly measured quantity that can be extracted

both from neutron scattering experiments and from simulations, and it provides a measure

of local mobility and free volume. Three independent films were deposited for each substrate

temperature, and five independent samples were used to generate statistically meaningful

results for the liquid-cooled films.

2.4.2 Energetic Disorder for Charge Transport

The bulk region of the glass was examined for charge transport. For every molecule in this

region, a 2-level ONIOM[30] (B3LYP/6-31G*: CHARMM) optimization was performed on

the cationic state for the ethylbenzene molecule within a frozen shell of nearest neighbors

(cutoff = 7 Å). The cation state represents the electronic state of interest for hole transport

in a molecular semiconducting film. Our ONIOM methods treats the center molecule at

the DFT level (B3LYP/6-31G*), and the nearest neighbor shell with molecular mechanics

(CHARMM). This modest basis set size is necessary for the calculation of energetic disorder

over the entire film width to be performed in a reasonable amount of computer time. The

ONIOM optimization yields a local site-energy for every molecule in the film, which is
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dictated by the precise arrangement or packing of the neighboring molecules. Site energies

are computed for all molecules in the region and histogrammed over the film width, with

subsequent averaging for five trajectory snapshots for three separate trajectories for both

the conventional liquid-cooled glass and the 120K vapor deposited glass. The histogram

is then plotted and fit to a Gaussian disorder model to obtain the standard deviation of

the site energies.[43] Note that a larger standard deviation of the site energy implies more

energetic disorder, and has a deleterious effect on charge transport. All electronic structure

calculations involved in the determination of site energies were performed using the Gaussian

software package[46].

2.4.3 Transfer Integrals for Charge Transport

Each molecule surrounded by “N” nearest-neighbors within the 7 Å cutoff was parsed into

N separate snapshots where the transfer integral for hole self-exchange between two ethyl-

benzene sites is determined using the Electron Transfer module[150] in NWChem at the

B3LYP/6-31G* level of theory. The self-exchange reaction can be denoted (EB/EB+ →

EB+/EB), where EB+ and EB represent the cation state and ground state of ethyleben-

zene, respectively. Transfer integrals between all nearest neighbors are computed for all

molecules in the film, with subsequent averaging for five trajectory snapshots for three sepa-

rate trajectories for the liquid-cooled and vapor-deposited morphologies. The mean-squared

electronic coupling is then determined from the distribution of transfer integrals in the film.

This mean-squared coupling would be the exact input used in a Marcus-like approach to

charge transfer theory,[70] and thus the larger its value, the more beneficial for charge trans-

port within the film.
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2.5 Supporting Information

2.5.1 Effective Tg

Three different cooling rates were applied to the system and the corresponding fictive tem-

peratures calculated are presented in Fig. 2.8. There is a slight effect observed for the faster

cooling rates on the instantaneous density and Debye-Waller factor, which may suggest that

higher rates are becoming less physical. As the thermostat decreases the temperature of the

system, the system lags slightly behind in equilibration due to the timescale. To correct

for this effect, snapshots are taken at various temperatures during the cooling process and

allowed to equilibrate at the appropriate temperature for 1 nanosecond. The values reported

are averaged over the nanosecond trajectories for five samples with the standard deviation

given as the error bars.
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Figure 2.8: Three different cooling rates were investigated: 1 K/ns (black), 5 K/ns (red),
and 10 K/ns (blue). The temperature at which the intensive potential energy per particle
deviates from the super-cooled liquid line (dashed cyan line) was used to estimate the Tf,
panel (c), which is estimated from the intersection of the glass line for qc= 1 K/ns (dashed
grey line) to be 146 K. The panels (a) and (b) display the temperature dependence of the
middle bulk density, ρbulk, and the average bulk Debye-Waller factor, respectively, with 146
K marked by a grey line.
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2.5.2 Rotational Relaxation

A relaxation time τrot was extracted by fitting a stretched exponential to the rotational

autocorrelation function with respect to the molecular orientation vector (Fig. 2.9). The

τrot and β for each fit are provided in Table 2.1.
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Figure 2.9: Angular correlation with respect to the molecular orientation vector described
in Figure 1a averaged over the bulk region of the film. Each dotted solid line is a liquid
or super-cooled liquid ranging in temperatures from 350 K down to 150 K, which is just 4
K above the effective Tg. The dashed lines are fitted stretched exponentials to each decay
curve.

Using the above parameters, a VFT fit was applied to extrapolate to the conventional

glass transition temperature and to calculate the fragility.
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Table 2.1: Parameters for stretched exponentials : C(θ) = exp

(
−
(

t
τrot

)β)
T (K) τrot (s) β

150 3.68 ×10−7 0.77

160 2.66 ×10−8 0.80

170 4.78 ×10−9 0.81

180 1.19 ×10−9 0.83

186 6.74 ×10−10 0.83

200 2.34 ×10−10 0.85

225 6.99 ×10−11 0.89

250 3.39 ×10−11 0.90

300 1.37 ×10−11 0.90

350 7.84 ×10−12 0.91
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Figure 2.10: The VFT equation was fitted to τrot (red points) calculated for temperatures
ranging from 150 K up to 350 K. Extrapolating this function to τrot=100 sec gives a con-
ventionally defined Tg of 128K for this model.
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2.5.3 Substrate Temperature Comparison

The onset temperature calculated for the various vapor-deposited glasses are very similar,

Fig. 2.11. The films with a Ts of 120K or 115K have a Ton of approximately 173K and the

films with a Ts of : 105, 125, 130, 135, or 140K have a Ton around 170K. Whereas, the

slowest cooled glass with qc=1K/ns, has Ton of ≈ 159K. Thus, all VD glasses have enhanced

kinetic stability relative to the conventional glasses. This similar Ton for the various Ts is

in agreement with how similar the inherit structure energies and the densities in Fig. 2.11b

are.
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Figure 2.11: The liquid-cooled film with qc=1 K/ns (black) and the vapor deposited films
(colored) were subjected to a heating run at a rate of 5K/ns, after first being cooled to 90K
for comparison. The average bulk Debye-Waller factor, ρbulk, and the intensive potential
energy were calculated as a function of temperature (panels (a), (b), and (c) respectively).
The onset temperature seems to be similar for all vapor deposited films except for Ts = 140
K (dark cyan), but all are higher than the liquid-cooled glass.
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deposited glasses (colored points) are plotted by the predicted qc, assuming a linear relation
between ρbulk and the order of qc(dashed line). Error bars are calculated from the standard
deviation of three samples for vapor deposited films and five samples for the liquid-cooled.

35



2.5.4 Arrest Depths

The arrest times, ta, and the depth at which it occurs, za, appear to have an exponential

dependence on substrate temperature. There is a temperature regime where it appears

linear, but the films at the lowest temperatures plateau as they approach 0 and the higher

temperature films quickly increase as the films approach the simulated Tg.
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Figure 2.13: The distance from the surface that corresponds to the time of rotational arrest,
za, as a function of Ts. An exponential function was fitted to the data (grey dashed lines).
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2.5.5 Bulk Films Molecular Orientation

Figure 2.14 provides the full cos(α) distribution for the liquid-cooled glass and a larger subset

of the PVD glasses than provided in the main text. For reference, a dotted line is shown to

illustrate the uniform distribution that is expected for a completely isotropic film.
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Figure 2.14: Distribution of P1 = cos(α) values in the bulk of the liquid-cooled glass (black),
where qc= 1K/ns, and vapor deposited glasses (colored). Calculated using a Gaussian kernel
density estimation (bandwidth = 0.10).
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2.5.6 Molecular Orientation and Distance Correlation

The probability of benzene ring alignment was calculated as a function of center of geometry

(COG) distance. Averaging over molecules within the bulk region of the film, only neighbors

that were within a cylinder of radius 1 nm centered at the COG of the benzene ring of interest

and aligned with that normal of the benzene ring of that molecule were considered. Each

column is normalized to one, giving the probability of a neighboring benzene ring having

that cosine alignment for a given distance.

The distance from the center of the cylinder was calculated as follows. First, project the

COG vector, vCOG, onto the benzene ring unit vector, vbenz, which is simply vprojCOG =

(vCOG · vbenz). The radial distance from the center of the cylinder is the magnitude of the

vector vrad = vCOG − vprojCOG.
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Figure 2.15: The probability of absolute value cosine alignment of the benzene ring normals
for neighbors at a give center of geometry (COG) distance, where each neighbor is within a
cylinder of radius 1 nm centered on the benzene ring and pointing in the direction normal
of the benzene ring.
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2.5.7 A Graph Theoretical Approach to the Orientational Correlation

Networks

To further explore the distance dependence of orientational correlations we used a modi-

fication of a graph theoretic approach to charge transport networks developed in previous

works. Using the absolute value of the dot-product of the pi-system unit normal vectors

between two neighboring ethylbenzene molecules, we set up an adjacency matrix to describe

the orientational connectivity of the ethylbenzene molecules within the middle section of the

film. This adjacency matrix is defined as:

Aij =

abs(vbenz,1 · vbenz,2) i 6= j

0 i = j
(2.8)

We can then form the Laplacian matrix using the strength matrix, S, and the adjacency

matrix, A, by L = S - A. The second eigenvalue of this Laplacian matrix is known as the

algebraic connectivity, and represents how well-connected the overall graph is.

We then compare the values of the algebraic connectivity for the liquid-cooled and 120K

PVD films, obtaining values of 0.0215 +/- 0.019 for the latter, and 0.0172 +/- 0.016 for

the former. While the PVD film shows a slight increase in the algebraic connectivity of the

orientational correlation network relative to the liquid-cooled films, this result is well within

the error bars, and thus by this metric the orientational differences in these systems manifest

by the vector normal to ethylbenzene’s pi-electron system are quite subtle, in agreement,

with the previous section on molecular orientations and distance correlations.
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2.5.8 Charge Transport in Liquid Cooled
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Figure 2.16: Histograms of the (a) molecular site-energies in eV and (b) the transfer integrals
(eV) for the liquid-cooled glass.
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2.5.9 Bulk Region

To define the bulk region for analysis, effects from both interfaces needed to be avoided as

much as possible. The Debye-Waller Factor was considered for the change in mobility caused

at each (arrested near the substrate, and higher mobility at the vacuum interface), as well

as the density.
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Figure 2.17: The Debye-Waller factor (dashed lines) and density (solid lines) as a function
of z, where the substrate oscillates around 1 nm, for Ts = 130 K (0.89Tg). There are three
independent samples (different colors) per substrate temperature. The bulk region is defined
as z between 4.8 nm and 7.2 nm, where the surface effects from the substrate and the free-
surface are dampened out.
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(a)

(b)

Figure 2.18: (a) Image of the all-atom ethylbenzene model. The vector normal to the
substrate, nz, and the angle, α, between it and the vector used to describe the molecular
orientation. (b) Snapshot from the vapor deposition process. The particles that form the
substrate are represented as a surface, the box edges are blue. Two newly inserted molecules
are highlighted as red whereas the previously deposited molecules are colored by atom (cyan
for carbon, white for hydrogen). The inner bulk region of the film used is colored with a
darker blue.
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CHAPTER 3

PHOTOSTABILITY CAN BE SIGNIFICANTLY MODULATED

BY MOLECULAR PACKING IN GLASSES

In this chapter we analyze how the “ultra-stability” gained by some molecules through

performing vapor-deposition may have on the photostability of the material. To this point,

we instigated the resistance of a material to the photoisomerization reaction of an azobenzene

unit. Yue Qiu vapor deposited an azobenzene derivative Disperse Orange 37 (DO37) and I

developed and simulated a coarse-grained representation of azobenzene. For both systems,

we demonstrate that stable glasses can be formed via vapor deposition. We then show

for both systems that properties such as density and average molecular orientation, which

are affected by the photoisomerization process, are more resistant to change for a vapor

deposited glass. This resistance correlates well with the higher densities observed for the

various vapor-deposited glasses, which leads us to postulate that this higher resistance is

due to a disfavoring of certain relaxation pathways requiring rearrangement of the densely

packed material. Section 3.2.6 was not included in the original publication cited below, but

was added for further insight.

Copyright Statement

The material included in this chapter has been published in the Journal of the American Chemical Society

[113] and is reprinted with permission from the Journal of the American Chemical Society. The full reference

is:

Yue Qiu, Lucas W. Antony, Juan J. de Pablo, and M. D. Ediger, “Photostability Can Be Significantly

Modulated by Molecular Packing in Glasses”. Journal of the American Chemical Society 138 (35), 11282-

11289 (2016)
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3.1 Introduction

Glasses are amorphous materials that have wide usage in modern technology, including

polymers,[138] pharmaceuticals,[164] solar [17] and organic electronics.[161, 133] For many

applications, organic materials prepared as amorphous states are preferred over crystalline

solids. For example, in the pharmaceutical industry, some drugs are formulated as glasses due

to their higher solubility and bioavailability.[53, 80] In the organic electronics field, glasses

are frequently used in device fabrication to provide smooth and homogeneous layers.[161]

One important issue for organic glasses is photochemical stability. Photodegradation can

cause the failure of organic electronics in both display and light harvesting technologies, and

this is sometimes a more limiting factor than device efficiency.[62, 155] As photodegradation

can be caused by light in the environment or by self-emission,[155, 128] photochemically

robust materials are in demand.[128, 118]

Previous work has shown that modification of local packing in glasses has a negligible

effect on photostability in comparison to what has been observed for crystalline materials.

Organic molecules can have very different photoreactivities in different crystal polymorphs.

In pioneering work in topochemistry, Schmidt et al. studied the [2+2] photodimerization

of cinnamic acid in the solid state. This compound crystallizes in three polymorphic forms

which exhibit different photochemical reactivity upon irradiation.[126] An even more striking

example is provided by tetrabenzoylethylene, which can undergo unimolecular photoisomer-

ization. Of the two crystalline modifications, one polymorph is light stable while the other

photoisomerizes to the furanone.[21] In contrast, for amorphous materials, it has been found

that photoreactivity depends only slightly on the manner in which the glass is prepared.

Torkelson et al. reported that, for 4,4’-diphenyl azobenzene dispersed in amorphous poly-

carbonate, the susceptibility to photoisomerization decreased by about 5% after physical

aging for 100 hours; aging generally increases the density of a glass.[121] We are not aware of

a literature precedent showing significant tuning of photoreactivity in organic glasses through

control of local packing.
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Recently, physical vapor deposition (PVD) has been used to prepare glasses with excep-

tional properties that are not accessible by any other preparation method.[141, 82, 132, 119,

115, 29] By properly controlling processing conditions such as deposition rate and substrate

temperature, vapor deposition can form stable glasses that have higher density and enhanced

kinetic stability relative to that of traditional liquid-cooled glasses. Typically, the optimal

substrate temperature for preparing these PVD glasses is about 0.85 Tg, where Tg is the

glass transition temperature. Vapor-deposited glasses can exhibit enhanced kinetic stability;

upon heating at a constant rate a stable glass can maintain its glassy packing to a much

higher temperature than a liquid-cooled glass. Vapor-deposited glasses also have densities

up to 1.4% higher than the corresponding liquid-cooled glass.[27] It has been estimated that

a liquid-cooled glass would have to be physically aged for thousands to millions of years to

achieve a glass with the same density.[76] Many of the features observed in experimental

PVD glasses, including high density and high kinetic stability, have also been observed in

computer simulations that mimic the vapor deposition process.[29, 88, 89]

In this work, we test whether the extraordinary kinetic stability and high density of

PVD glasses also lead to extraordinary photostability. As a model system, we investi-

gate the photostability of vapor-deposited and liquid-cooled glasses of 3-[[4-(2,6-dichloro-4-

nitrophenyl)azo]-N -ethylanilino]-propionitrile (also known as Disperse Orange 37 or DO37),

an azobenzene derivative. Azobenzenes can undergo trans → cis photoisomerization reac-

tions when irradiated by light; the cis state will relax back to the trans state spontaneously,

as the trans state is thermodynamically more stable. We vapor-deposited DO37 onto sub-

strates held at different temperatures and successfully obtained glasses with different initial

densities and a wide range of kinetic stabilities. Using spectroscopic ellipsometry, the photo-

stability of the different DO37 glasses during light irradiation was characterized by changes

in the glass density and birefringence. In this way, the photostability of a series of glasses

with identical composition but different densities could be easily compared.

We find that photostability of vapor-deposited DO37 glasses can be significantly mod-
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ulated through the choice of substrate temperature. The most photostable PVD glass is

50 times more resistant to light irradiation than the liquid-cooled glass. We observe that

photostability is highly correlated with the density of the vapor-deposited glasses. Molec-

ular simulations of photoisomerization in vapor-deposited glasses are able to capture the

key features observed in the experiments, and provide further molecular-level insight into

the mechanism of stability. In particular, the tight molecular packing of the denser glass

creates higher energy barriers for molecular rearrangement which then inhibit the photoiso-

merization reaction. We expect that enhanced photostability is a general property of dense

vapor-deposited glasses that may also be exploited with other molecular systems, including

those used in organic electronics.

3.2 Results and Discussion

3.2.1 Vapor-Deposited DO37 Forms Glasses with High Kinetic Stability

As an initial step in these experiments, we used spectroscopic ellipsometry to characterize

the kinetic stability and density of PVD glasses of DO37. Figure 3.1 shows an example of a

temperature-ramping experiment for a DO37 glass vapor-deposited at Ts = 260 K (0.88 Tg).

Three different ramping cycles were performed. In the first cycle, the as-deposited sample

was first heated from 288 K to 320 K and then cooled back to 288 K. Subsequent heating

and cooling cycles between 288 K to 310 K are also shown, and all heating/cooling rates

were 1 K/min. During the first cycle of heating, the initial increase in thickness (below 303

K) is due to thermal expansion of the as-deposited glass. At the onset temperature (Ton),

the as-deposited glass begins to transform into a super-cooled liquid. During subsequent

cooling, the super-cooled liquid falls out of equilibrium and transforms into a glass at Tg. As

expected, the second and third cooling runs shown in Figure 3.1 are indistinguishable from

the first cooling since they all started in the equilibrium supercooled liquid.

The as-deposited glass of DO37 in Figure 3.1 shows high kinetic stability and high density
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relative to the liquid-cooled glass. The high Ton (12 K above Tg) required to transform the

as-deposited glass into the supercooled liquid is an indication of enhanced kinetic stability.

The change in thickness between the first heating and cooling cycles is used to determine

the density of the as-deposited glass relative to the liquid-cooled glass (∆ρ). In this case,

the as-deposited glass is 1.3% more dense, consistent with more efficient local packing and

higher kinetic stability. Vapor-deposited glasses of DO37 have properties similar to other

PVD glasses with high kinetic stability.[141, 82, 119, 115, 148, 170, 32, 153] For comparison,

indomethacin, an extensively studied system, has been reported to form glasses with Ton as

high as 18 K above Tg, along with density increases of up to 1.4%.[27]

Figure 3.1: Thickness changes for a vapor-deposited glass of DO37 during temperature
ramping at 1 K/min. The green symbols represent experimental data for a sample prepared
at Ts = 0.88Tg. Black lines are linear extrapolations that demonstrate the determination of
Tg (for the liquid-cooled glass) and the onset temperature Ton (for the as-deposited glass).
∆ρ shows the density difference between the as-deposited and liquid-cooled glass. The inset
shows the molecular structure of DO37.

The kinetic stability of vapor-deposited DO37 glasses depends on the choice of substrate

temperature during PVD. As indicated by the inset in Figure 3.2, DO37 glasses were prepared

on a substrate that had an imposed temperature gradient ranging from 0.75 Tg to above

Tg. In this way, a library of glasses was prepared in one deposition. The detailed method

of sample preparation is presented in the Methods section. For glasses deposited above
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Tg (296 K), the as-deposited sample had the same onset temperature as the liquid-cooled

glass. For Tsubstrate lower than Tg, enhanced kinetic stability was obtained. The optimal

Ts for kinetic stability is 0.88 Tg (Figure 3.2), which is similar to indomethacin and other

molecular systems.[76] The increased kinetic stability and density of vapor-deposited films is

attributed to enhanced surface mobility during film formation.[89, 169, 165] Freshly deposited

molecules have enough mobility to efficiently sample packing arrangements, resulting in near-

equilibrium local packing well below Tg; subsequent deposition locks this efficient packing

into the glassy film. The optimal stability obtained by deposition onto substrates near

0.88 Tg is a result of the competition between kinetic and thermodynamic control.[76] At

lower temperature surface mobility is not high enough to allow access to better packing

arrangements even though the thermodynamic driving force is larger.

Figure 3.2: Kinetic stability of DO37 glasses vapor-deposited at different substrate temper-
atures. Ton represents the onset of glass transformation during heating of 1 K/min. All
glasses were prepared during one deposition on a temperature gradient substrate. The inset
schematically indicates a temperature-gradient across the substrate. The solid black line is
a guide to the eye.

3.2.2 PVD Glasses Exhibit Enhanced Photostability

The photostability of DO37 glasses was monitored by spectroscopic ellipsometry during

light irradiation. Density and birefringence, representing molecular packing and molecular
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orientation respectively, can be obtained by ellipsometry and were used to characterize pho-

tostability of the glassy thin films. As shown in Figure 3.3, a 532 nm laser was used to

irradiate the thin glass samples and induce photoisomerization. Simultaneously, spectro-

scopic ellipsometry measured the thickness and birefringence changes in the irradiated area.

Since the in-plane sample dimensions are fixed, density is inversely related to thickness.

Experimental Test of Photostability for Glassy Thin Films

Figure 3.3: A 532 nm laser is used to irradiate the DO37 thin film inducing photoiso-
merization. Simultaneously, spectroscopic ellipsometry is used to measure thickness and
birefringence changes in the film.

A comparison of the light-induced density and birefringence changes for PVD and liquid-

cooled glasses, as shown in Figure 3.4, reveals that the PVD glasses display significantly

enhanced photostability. The density of the liquid-cooled glass decreases immediately after

irradiation begins and reaches steady-state in tens of seconds. In contrast, PVD glasses

can maintain their original density for hundreds to thousands of seconds, depending on the

substrate temperature at which the sample was deposited. The birefringence measurements

also show that vapor-deposited glasses are more photostable; molecules in PVD glasses are

more resistant to light-driven changes in molecular orientation. Both s-polarized and p-

polarized irradiation result in similar trends. Results for s-polarized irradiation are shown in

Figure 3.4 while results for p-polarized irradiation are given in the Supporting Information

(SI), SI-Figure 3.11.

Previous studies of azobenzene-containing glasses under irradiation have proposed mech-

anisms which qualitatively explain the density and birefringence changes shown in Fig-
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ure 3.4.[139, 143, 52, 131] Trans→cis→trans cycling disrupts packing in the glassy matrix

due to changes in molecular shape and molecular volume.[12, 54] Because of the very long

relaxation time of the glass, molecules have little opportunity to re-optimize their local pack-

ing during irradiation. Changes in birefringence during irradiation can be attributed to the

photoalignment effect.[52] When a molecule returns to the trans state after isomerization, it

need not have the same orientation as it had initially. Repeated photoisomerization with po-

larized light has the net effect of increasing the fraction of molecules whose transition dipoles

are orthogonal to the excitation polarization, since these molecules do not have the oppor-

tunity for further photoisomerization; the sample thus becomes anisotropic and birefringent.

We note that most as-deposited glasses of DO37 showed negative initial birefringence (SI-

Figure 3.12). In Figure 3.4b, the birefringence is shifted so that the initial value is zero for

all glasses for easier comparison.

Figure 3.4: Density and birefringence changes for vapor-deposited and liquid-cooled glasses
of DO37 as a function of irradiation time. (a) Glass density relative to initial density of the
liquid-cooled glass. (b) Birefringence ∆n relative to as-deposited glass. Lines are guides to
the eye.
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3.2.3 Photostability Correlates with Glass Density

To quantitatively compare photostability of vapor-deposited and liquid-cooled glasses, we

analyze the experimental results presented in Figure 3.4. Figure 3.5a shows the irradiation

times required to achieve small changes in density and birefringence. These small changes

in density (0.1%) and birefringence (0.005) represent the initial structural alteration of the

glasses, at a stage where the glasses have not yet lost their initial material properties. Pho-

tostabilities deduced from these two observables are highly consistent. For comparison,

Figure 3.5b shows the density for DO37 glasses vapor-deposited at different substrate tem-

peratures relative to the liquid-cooled glass. All glasses deposited with Ts<Tg show higher

densities than the liquid-cooled glass. The maximum density is observed for a substrate

temperature of 0.86 Tg, which is consistent with previously reported vapor-deposited glasses

of indomethacin.[27]

By comparing Figure 3.5a and 3.5b, it is evident that there is a strong correlation between

photostability and glass density, and that the higher density of the PVD glasses is associated

with a 50-fold increase in photostability. As we discuss further below, there is no precedent

for such a large effect of glass packing at ambient pressure. In a study of an azobenzene

derivative tethered to a PMMA polymer, it was demonstrated that optically induced molec-

ular orientation can be hindered by density increases caused by high pressure;[100] compared

to ambient pressure, the glass density at 150 MPa was increased by 2.4% and the rate of

photo-orientation decreased by a factor of nearly 50. This high pressure work demonstrated

a correlation between density and photostability that is qualitatively consistent with the

results in Figure 3.5. However, in the work of ref 100, enhanced photostability was only

observed at high pressure and the rate of photoisomerization became fast again when the

pressure was released. In contrast, the present work provides a method to increase the

photostability of ambient-pressure materials.

To test the generality of the effect of enhanced photostability, we performed additional

experiments at a lower irradiation temperature and found that PVD glasses of DO37 become
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Figure 3.5: Photostability and density of PVD glasses of DO37, with comparison to the
liquid-cooled (LC) glass. A strong correlation is observed between photostability and density.
(a) Irradiation time required to achieve a 0.1% density change (red) and 0.005 birefringence
change (green). (b) Density of as-deposited (AD) glasses relative to the LC glass. For
substrate temperature below Tg, vapor-deposited glasses show increased density, and the
maximum density occurs at 255 K (0.86 Tg).

even more photostable relative to the liquid-cooled glass. In the field of organic electronics,

materials are usually used at temperatures at least 30-40 K below Tg. In contrast, for

experiments described in Figure 3.4 and 4, the measurement temperature was 287 K, only 9

K below the Tg for DO37. For a few experiments, we lowered the measurement temperature

to 278 K (Tg-18 K) to get closer to the conditions for many applications. For PVD glasses,

the photostability results are nearly the same at 278 K and 287 K ( SI-Figure 3.14). For

the liquid-cooled glass, however, photoinduced density and birefringence changes occurred

more quickly at lower temperature (SI-Figure 3.15), such that the PVD glasses are even

more photostable at lower temperature, relative to the liquid-cooled glass. This behavior of

the liquid-cooled glass can be attributed to the competition between photoinduced changes

and structural relaxation back towards equilibrium.[130] At lower temperatures, structural

relaxation becomes slower, allowing illumination to more quickly drive the system away from

equilibrium.
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3.2.4 Molecular Simulations of PVD Glasses

Molecular simulations of the vapor deposition and photoisomerization processes were per-

formed to understand the mechanism of enhanced photostability in PVD glasses. In order

to focus on the key physics responsible for the packing effects observed in our experiments,

we propose a simple model to examine isomerization, namely a linearly-connected molecule

of four beads that serves as a coarse-grained representation of DO37 (Figure 3.6, inset).

During the vapor deposition portion of the simulations, which utilized a procedure employed

in previous simulations of PVD glasses,[88, 89, 144, 135] these molecules were held in the

trans state. Glass films were deposited onto substrates at temperatures ranging from 0.76

Tg to 0.97 Tg, where Tg was determined to 0.66 (in reduced Lennard-Jones units) by simu-

lations in which the liquid was cooled into the glass. (SI-Figure 3.16). Consistent with the

experimental results in Figure 3.5b, all the simulated PVD glasses had higher density than

the liquid-cooled glass (SI, Table 3.1). During the photoisomerization portion of the simula-

tions, an iterative method mimicking the stochastic process of photoexcitation, described in

the Methods section, was then used to test the photostability of each of the glasses formed.

In brief, a few molecules are “photoexcited” by instantaneously switching the dihedral po-

tential from the initial state (where trans is the stable state) to a new potential (where

cis is the stable state). Molecular dynamics simulations are then continued with the local

packing environment of each molecule determining whether or not the cis state can actually

be reached. After a period of time (mimicking the excited state lifetime), the potential is

switched back to the original one favoring the trans state. This process is repeated many

times with molecules randomly selected for photoexcitation.

Figure 3.6 shows that the simulated PVD glasses have substantially increased photostabil-

ity relative to the liquid-cooled glass, in qualitative agreement with the experimental results

shown in Figure 3.4. The top panel of Figure 3.6 shows that the PVD glasses, which have

higher initial densities than the liquid-cooled glass, maintain their initial density for a greater

number of photoexcitation cycles. The middle panel of Figure 3.6 shows the orientation or-
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Figure 3.6: Simulations of photostability for vapor-deposited and liquid-cooled (LC) glasses
as a function of photoexcitation cycle. (a) Glass density relative to LC glass (ρ/ρ(LC)).
(b) Orientation order parameter. (c) Fraction of successful trans → cis conversions in each
photoexcitation. Representative structures of the coarse-grained model in trans and cis
states are shown on the right panel.

der parameter, Sz, of the simulated glasses as a function of the number of photoexcitation

steps; Sz represents the average orientation of transition dipoles for simulated molecules and

can be qualitatively compared with the experimentally measured birefringence. Although

only small changes in orientation occur for the liquid-cooled glass, they occur much more

quickly than for the PVD glasses. SI-Figure 3.13 quantifies photostability using these results,

and shows that the simulated PVD glasses are at least 10 times more photostable than the

liquid-cooled glass. In addition, the simulation results display a strong correlation between

photostability and glass density, in agreement with experiment (SI-Figure 3.13).

The simulation trajectories indicate that the initial molecular packing of higher density

glasses restricts excited molecules from reaching the cis state, even though their molecular

potential strongly favors the cis state. The fraction of successful isomerization events is

shown as a function of photoexcitation cycles for each glass in Figure 3.6c. This is loosely
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equivalent to the quantum yield for the actual photoisomerization reaction. For the highest

density glasses, there is a very low probability for a successful isomerization event and this

explains the very slow initial changes in the density and Sz parameter.

3.2.5 Mechanism for Enhanced Photostability

We considered two possible mechanisms for the enhanced photostability of high density PVD

glasses shown in Figures 3.4 and 3.5. According to one possible mechanism, photoisomeriza-

tion to the cis state occurs only rarely in the highest density PVD glasses (due to efficient

packing) but occurs much more frequently in lower density glasses. For the second possi-

ble mechanism, we imagine that photoisomerization to the cis state occurs efficiently in all

glasses, but that only the low density glasses are restructured as a result. We favor the

first mechanism and our simulation results strongly support this view. Figure 3.6c shows

that, for the highest density vapor-deposited glasses, the isomerization from trans to cis is

nearly completely prevented in the simulations. In the simulation, photoexcitation provides

an intramolecular driving force to leave the trans state, but in high density glasses, most

molecules are unable to reconfigure due to efficient packing. For lower density glasses, the

intermolecular barrier for rearrangement will be lower, allowing molecules to achieve the cis

state with higher probability.

We performed additional experiments to directly test the hypothesis that molecules in a

dense glass rarely reach the cis state as a result of photoexcitation. DO37 is a “push-pull”

azobenzene, and consistent with other azobenzene derivatives of this type, the lifetime of the

cis state for DO37 is reported to be less than one second.[85] Our efforts to directly detect

depletion of the trans state in the absorption spectrum during irradiation were unsuccessful,

even for the liquid-cooled glass. A reasonable interpretation of these results is that the

steady-state population of the cis state in our experiments is always quite low. While we

expect that the cis state population during irradiation is lower for denser glasses than for

the liquid-cooled glass, we have not directly established this.
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Our proposed mechanism is consistent with literature evidence that the local packing

environment can influence the ability of photoexcited azobenzenes to reach the cis state.

For example, in a glass of 4,4’-diphenyl azobenzene dispersed in amorphous polycarbonate,

it was shown that physical aging for 100 hours caused a ∼5% decrease in the photoiso-

merization quantum yield relative to the glass prepared by liquid-cooling;[121] because a

symmetric azobenzene with a long cis lifetime was used in this study, this result could be

seen directly as depletion of trans state absorption. 100 hours of aging likely increases den-

sity by much less than 1.3% and this provides a way to understand the much larger effects

on photostability obtained in our study with PVD glasses. In another study, azobenzene

derivatives were incorporated into different DNA sequences, so that the local packing could

be tuned by changing the neighboring base pairs.[37] In this system, it was demonstrated

that the quantum yield of azobenzene photoisomerization decreased with increased restric-

tion of molecular packing, varying by a factor of four. Additionally, the photoisomerization

of crystalline trans-azobenzene is severely hindered in the bulk crystal.[159] These studies

all support the idea that the quantum yield for photoisomerization to the cis state decreases

with increasing intermolecular barriers for molecular rearrangement.

Considering that literature precedents and our simulations both support the view that

denser glasses can prevent photoisomerization, it is useful to estimate the magnitude of the

intermolecular barriers for rearrangement in PVD and liquid-cooled glasses. Figure 3.7 shows

the energy diagram for photoisomerization of an azobenzene in the gas phase and provides

background for our discussion. After a 532 nm photon causes excitation to the S1 state, the

molecule relaxes to a twisted configuration (θ = 90◦). Upon transition to the ground sate,

the molecule either twists forward to the trans state or back to the cis state, with roughly

equal probability.[102] In a glass, in order for an azobenzene molecule to transition from

trans to cis, it must additionally overcome intermolecular barriers in an environment that is

quite rigid and essentially static on the time scale of photoexcitation. Using measurements

and estimates of the structural relaxation times, we can estimate the activation free energies
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Figure 3.7: Energy diagram of photoisomerization for DO37.

for cooperative rearrangements in the liquid-cooled and PVD glasses to be 34 kT and 51 kT,

respectively (see SI). We now imagine adding an intermolecular potential favoring the trans

state to the diagram in Figure 3.7. As the barrier for rearrangement in the high density

glass is a large fraction of the photon energy (94 kT at the experimental temperature), it is

plausible that the intermolecular packing blocks any significant progress toward the cis state

in the dense glass while this mechanism would be less efficient in the liquid-cooled glass. A

weakness of this argument is that we have no experimental estimate of the intermolecular

barrier associated with photoisomerization, but given the size of the molecular rearrangement

required to reach the cis state, it is reasonable that it will be not too much smaller than

the barrier for structural relaxation. A more detailed theoretical study will be required to

examine our proposed mechanism more rigorously.

3.2.6 Mechanical Stress in Films

The change in bulk properties as observed for the density for both the experiments and

simulations are examples of a well known “photo-softening” effect for azobenzene contain-
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ing glassy materials. Polymer glasses or liquid-crystalline materials containing azoben-

zene, either covalently bonded into the material or doped within, have been shown to de-

crease the bulk modulus and induce a type of flow upon photo-excitation below Tg of the

material.[79, 42] There is debate as to the specific mechanism of this flow within the litera-

ture; however, generally it is thought that the isomerization of the azobenzene units causes

an anisotropic stress within the material.[124] To investigate the mechanical stress caused

by isomerization within these glass films, the per particle normal stress components were

calculated during the isomerization process in the simulations. Each isomerization event,

successful or not, excites the selected molecule and puts more energy into the films. Initially

for the vapor-deposited glasses the σxx and σyy components of the stress tensor within the

bulk region go negative and build in magnitude while little change occurs in the density or

the average molecular orientation (Fig. 3.8b-d). The σzz component consistently fluctuates

around zero throughout the photoexcitation process, since the free surface allows the system

to relax quickly to any perturbation whereas the x and y dimensions are constrained by

periodic boundary conditions.

Even though little change occurs in the average molecular orientation or the bulk density

of the films during this initial phase for the vapor deposited glasses, there is an instability

building within the material. Once these films reach a certain yield stress of about -0.1 LJ

reduced units, the film irreversibly transforms towards the relaxed stationary state. After the

films have transformed, all the components of the stress tensor fluctuates around zero even

while further isomerization events are occurring. It is interesting to note that even in the

lower density of the stationary state that all the glasses converge to, only 60% of the selected

excited molecules successfully transform to the cis conformation (Fig. 3.6). Therefore, in

the stationary state there is still local packing that blocks the successful isomerization but

the stress induced by the added force is quickly dissipated.

By changing the dihedral potential used for the cis state, the driving force and the

amount of stress applied to system will change. Four additional cis potentials were used on
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Figure 3.8: Mechanical stress builds during isomerization process. During the initial phase
of the isomerization for the vapor-deposited glasses, there is little change occurring in the
density or average molecular orientation, but a stress builds within the bulk of the film. The
normal stress components of the bulk region (σxx: black, σyy: red, σzz: blue) as function of
photoexcitation steps for (a) the liquid-cooled glass and (b) the vapor-deposited glass with
Ts = 0.5 (0.76Tg). (c) For comparison, the bulk density (ρbulk) from Fig. 3.6 is replotted.
(d) The average per particle normal stress components as a function of photoexcitation steps
for all Ts studied.

the films deposited at Ts = 0.5 by multiplying either one or both of the dihedral coefficients

by 1.5 or 2 (Fig. 3.9a). By only modifying the first coefficient and not the second, the initial

plateau around π radians (trans state) disappears and a stronger initial force is applied.

Even the weakest increase of 1.5 to both coefficients had a drastically reduced lag phase

where the stress built in the system (Fig. 3.9b-d). Each potential had the σxx component of

the stress drop to about -0.1 prior to the system relaxing and entering into a stationary state

(Fig. 3.9d). The different driving potentials each selected for a different stationary state with

different bulk density and percentage of excited molecules successfully transforming to the

cis conformation (Fig. 3.9e). The stronger potentials force the system to a lower density that

allows for a higher percentage of successful isomerization. The lower force of the original

potential must stress the system in such a way that it can be dissipated without lowering the

59



0 π
4

π
2

3π
4 π

φ (rad)

−35

−30

−25

−20

−15

−10

−5

0
D

ih
ed

ra
lF

or
ce

−0.3

−0.2

zS
bu

lk

T S = 0.5

0.825

0.850

ρ b
ul

k

-0.10

0.00

0.10

σ x
x

0 200 400 600 800
Iteration

0.00

0.50

1.00

original
1.5× cis state
2× cis state
1.5× one coeff
2× one coeff

ci
s

ex
ci

te
d

a)
b)

c)

d)

e)

Figure 3.9: Stronger isomerization potentials. A stronger force can be applied which will
drive the molecules to more successfully access the cis conformation. (a) Four new potentials
were applied by either multiplying both coefficients by a factor of 1.5 (red) or 2 (purple) or
by multiplying the first coefficient by a factor of 1.5 (green) or 2 (blue). The effect each of
the potentials had on the (b) orientation order parameter, (c) bulk density, (d) σxx stress
component, and (e) the proportion of successful isomerizations each iteration.

density or allowing for successful isomerization as the proportion converges to a little more

than half. However, due to the strength of the other potentials the only way to dissipate

this added energy is to allow for a successful isomerization pushing the system into a lower

density to accommodate this.

3.3 Conclusion

In this study, we have established that vapor-deposited organic glasses can be much more

photostable than liquid-cooled glasses. While previous work on crystals indicated the im-

portant influence of local packing, this is the first demonstration of a significant impact of

different amorphous packing arrangements on the photostability of organic molecules. We

showed that high density glasses of DO37 can be made by PVD and that the density can

be systematically varied through controlling the substrate temperature. The highest den-

60



sity glass was 50 times more photostable than the liquid-cooled glass and we find a strong

correlation between photostability and glass density. We attribute this effect to the high in-

termolecular barriers for rearrangement that are present in the highest density PVD glasses.

This view is supported by molecular simulations of coarse-grained DO37 molecules that

successfully reproduced the high density and high photostability of the PVD glasses. The

simulations show that, in the highest density glasses, the local packing environment prevents

photoexcited molecules from escaping the trans configuration.

We expect that enhancement in photostability for vapor-deposited glasses is a gen-

eral effect that will be observed for many molecular systems beyond the azobenzenes. To

date, PVD has prepared glasses with high kinetic stability from more than thirty organic

molecules, including several molecules used in the active layers of organic light emitting

diodes (OLEDs).[29] In every case where it has been checked, glasses with high kinetic sta-

bility also have high density relative to the liquid-cooled glass. Thus we expect that PVD

glasses of many organic molecules will show an increased energy barrier for molecular rear-

rangements that will slow photoreactions. This may be particularly useful in applications

where photodegradation leads to deterioration of performance, as in OLEDs and organic

photovoltaics. For example, operational lifetime is considered to be a bottleneck to the fur-

ther improvement of OLED display performance, especially for blue emitters.[24] It has been

found that degradation of OLEDs can be caused by self-luminescence,[155] electrochemical

reaction[167] and hole injection[108]. We speculate that high density PVD glasses might

delay degradation of OLED molecules as a result of any of these processes, as our results

indicate that efficient packing can inhibit chemical processes. As OLEDs are already pro-

duced by PVD, optimizing the substrate temperature to produce the densest glass might

thus increase device lifetime. We do not expect that all organic glasses will show a two

order of magnitude enhancement in photostability as a result of optimal vapor deposition.

Azobenzenes require a particularly large rearrangement for photoisomerization and it is likely

that photodegradation processes that require smaller rearrangements will be less impacted
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by the local packing. Future work should investigate the impact of glass packing on a range

of different chemical and photochemical processes.

3.4 Experiment and Simulation Methods

3.4.1 Materials

Disperse Orange 37 (99% purity) was obtained from Santa Cruz Biotechnology and used

as received. DO37 was selected for these experiments because it has a Tg higher than

room temperature; it is a reasonably good glass former, which facilitates glassy thin film

preparation via the PVD process. Differential scanning calorimetry (DSC) measurements

show that the glass transition temperature (Tg) for DO37 is 296 K, with a 10 K/min cooling

and heating rate, which is in good agreement with ellipsometry results. Prior to performing

the DSC measurements, the material was first melted then quenched into liquid nitrogen.

3.4.2 Physical Vapor Deposition

PVD was performed in a vacuum chamber with a base pressure of 10-7 Torr. Crystalline

DO37 was placed in a crucible that was resistively heated. The deposition rate was con-

trolled by tuning the heater power and monitored by a quartz crystal microbalance (QCM).

The deposition rate was kept at a constant value of 2 Å/s for all experiments. The final

sample thicknesses were about 300 nm. A high throughput method was utilized to prepare a

library of glasses with different densities and kinetic stabilities.[27] The substrate (Si wafer)

was suspended between two copper fingers; different temperatures were imposed at each

finger to create a temperature gradient across the sample during deposition. The substrate

temperature range was from 240 K to 305 K.
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3.4.3 Kinetic Stability and Density Measurements

Kinetic stability and density of vapor-deposited thin films were characterized by spectro-

scopic ellipsometry, an optical technique that measures thickness and refractive indices of

thin films. For all ellipsometry measurements, three incident angles were used (50◦, 60◦

and 70◦), and wavelengths from 370-1000 nm were utilized. To measure kinetic stability,

ellipsometry was performed on samples placed on a custom-built hot stage, and the temper-

ature was increased at 1 K/min from near room temperature to 25 K above Tg. The onset

temperature, which characterizes the kinetic stability of a glass, was determined from the

beginning of the transformation into the supercooled liquid, as shown in Figure 3.1. Imme-

diately after heating, the supercooled liquid was cooled at 1 K/min into the liquid-cooled

glass. By comparing sample thickness before and after temperature-cycling, the density of

the vapor-deposited glass relative to the liquid-cooled glass can be determined.

3.4.4 Photostability Measurement

The light irradiation experiment used to test photostability of PVD glasses is shown in

Figure 3.3. A linearly-polarized 532 nm laser was used as the light source to induce the pho-

toisomerization reaction, at a power level of 11 mW/cm2. During irradiation, spectroscopic

ellipsometry was used to characterize the glass thickness and birefringence, at the same spot

where the 532 nm laser irradiated the sample. In this way, photoinduced structural changes

of the thin glassy films were monitored in real time. The photostability tests shown in the

main text were performed at 287 K (Tg – 9 K). To model the ellipsometric data observed

during light irradiation, a biaxial anisotropic Cauchy model was used. This model allows

three independent refractive indices, which is necessary since irradiation generates anisotropy

in the glass sample along a different axis than the anisotropy generated in the deposition

process. In the measurement of photostability, birefringence is defined as the refractive index

difference nz-nx at 980 nm, where nz and nx represent refractive indices for light polarized

along the substrate normal and the x direction in the plane of the substrate, respectively;
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see Figure 3.3 for coordinate system.

3.4.5 Computer Simulations

Molecular dynamics simulations of a coarse-grained (CG) model of DO37 were performed to

study photoisomerization of vapor-deposited glasses at a molecular level. The model consists

of four linearly connected Lennard-Jones (LJ) particles (Figure 3.6) with parameters σbb =

1.0 and εbb = 1.0. (All units reported for the simulations are reduced LJ units.) The cutoff

distance for the potential is rc = 2.5 with a smooth decay starting at r = 2.4. To mimic the

structure of azobenzene, the four particles were held together by three stiff harmonic bonds

with the inner bond shorter than the two outer bonds (linner = 1.0, louter = 1.5, kb = 1000).

The two bond angles were controlled by a harmonic potential with values that mimic sp2

hybridization (θ = 120◦, kangle = 1000). As described below, the dihedral angle potential

was switched in order to mimic the photoexcitation process. The dihedral angles for the

trans and cis potentials were defined by:

Udihedral =
1

2
k1 (1 + cos θ) +

1

2
k2 (1− cos 2θ)

where k1 = 20 and k2 = 8 for the trans state and k1 = -25 and k2 = 6.25 for the cis state.

Vapor-deposited glasses were generated in a simulation box with dimensions of 20 σbb

by 20 σbb in the plane of the substrate (xy-plane), and at least 10 σbb larger than the

deposited film thickness in the normal direction to the substrate (z-dimension). Periodic

boundary conditions were applied to the x and y-dimensions. The substrate was generated

from 1,000 randomly placed smaller particles. The potential parameters for the substrate

are chosen to minimize any ordering effect on the deposited material while still being able to

anchor the growing film.[144] The interaction parameters for substrate atoms are σss = 0.6,

εss = 0.1, and the interaction parameters for the deposited molecules with the substrate are

σsb = 0.75 and εsb = 1.0, with a cutoff distance of 2.5 σαβ , where α,β ∈ (s, b). The substrate
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atoms are fixed to their initial position by harmonic springs. The simulated vapor deposition

process is analogous to that reported earlier.[88, 89, 144, 135] At least 850 deposition steps

were performed for each glass film in order to achieve a film thickness of at least 40 σbb. The

middle section of the film (15 σbb to 28 σbb in the z-dimension) was used to calculate bulk

glass properties to avoid the influence of the substrate or the free surface. The deposition

cycle consists of four repeated steps: (i) introduction of four randomly oriented molecules

above, but in close proximity to, the film surface, (ii) equilibration of the newly introduced

molecules at high temperature (T=1.25), (iii) linear cooling over 2000 time-units of these

molecules to the substrate temperature, and finally (iv) minimization of the energy for the

entire system. A separate thermostat is used to maintain the previously deposited molecules

and substrate particles at the desired substrate temperature throughout the cycle. For the

entire film preparation process described above, the trans dihedral potential was utilized.

All simulations were performed using the Large-Scale Atomic/Molecular Massively Parallel

Simulator (LAMMPS) package[111] in the canonical ensemble with a simulation time step

of 0.001 LJ time units. The orientation order parameter, Sz, was used to characterize the

average orientation of the simulated films. Sz is defined as:

Sz =
3

2

〈
cos2 δz

〉
− 1

where δz is the angle of the molecular end-to-end vector relative to the substrate normal.

An iterative process was used to simulate the photoisomerization reaction. To mimic

photoexcitation, a small group of selected molecules have their dihedral angle potential

temporarily switched from trans to cis. During the short molecular dynamics trajectory

that follows (mimicking the excited state lifetime), these selected molecules may transition

to the cis state or their environment may trap them with a dihedral angle close to the trans

state, i.e., although their dihedral angle potentials were changed to favor the cis state, the

selected molecules were not forced to the cis state. To avoid influences from the interfaces,

only the bulk region of the simulated film was considered for the photoisomerization process.
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In order to capture the directionality of the polarized light, a director vector was used as

a proxy, which pointed 30◦ off the substrate normal. All photoexcitation simulations were

carried out at T=0.6 (0.9 Tg). Each cycle included the following steps: 1) Select a molecule

at random; 2) Accept or reject for excitation with probability cos2(γ), where γ is the angle

between the director vector and the end-to-end vector of the molecule; 3) Continue first two

steps until 1% of the bulk molecules have been accepted; 4) Switch the dihedral potential

for the selected molecules from trans to cis ; 5) Run molecular dynamics for 100 time units;

6) Return all dihedral potentials to the trans potential (Fig. 3.10).

Figure 3.10: The simulated films before (left) and after (right) one iteration simulated pho-
toexcitation. The substrate atoms are colored pink, the coarse-grained azobenzene molecules
are colored white and/or blue, where the blue designates the bulk region. Molecules selected
for isomerization are colored in red. Two molecules that successfully transformed into the
cis state are circled.
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3.5 Supporting Information

3.5.1 Effect of light polarization on photo-stability of PVD glasses of DO37

In the main text, we demonstrated that PVD glasses of DO37 display significantly enhanced

photo-stability in experiments that utilized s-polarized irradiation. Here we show that similar

photo-stability results in experiments using p-polarized light. Figure 3.11 shows the density

(ρ) and birefringence (∆n) changes of both vapor-deposited and liquid-cooled glasses as a

function of time during p-polarized irradiation. For liquid-cooled glasses (black curves),

ρ and ∆n change immediately after irradiation, on the time scale of tens of seconds. In

contrast, PVD glasses change much more slowly. For example, for glasses vapor-deposited

at 0.88 Tg (green curves), it takes thousands of seconds for significant changes to occur.
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Figure 3.11: P -polarized light measurements of photo-stability as a function of irradia-
tion time for vapor-deposited and liquid-cooled (LC) glasses of DO37. (a) Relative density
(ρ/ρ(LC)) in comparison to the LC glass. (b) Changes in the birefringence ∆n. Lines are
guides to the eye.
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3.5.2 Initial birefringence of PVD glasses of DO37

For DO37 PVD glasses, initial birefringence depends on the substrate temperature (Tsubstrate).

This phenomenon is not unique for DO37, and has been reported for PVD glasses of other

molecules.[29, 27, 161] At Tsubstrate > Tg, the initial birefringence is nearly zero, consis-

tent with the random molecular orientation inherited from the super-cooled liquid. At

Tsubstrate < Tg, the birefringence of the as-deposited glass is less than zero, which indi-

cates that the molecular axis with maximum polarizability tends to lie in the plane of the

substrate. Here birefringence is defined as the difference in refractive index between the

extraordinary and ordinary direction of the thin films.
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vapor-deposited glasses of DO37, as determined by ellipsometry.
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3.5.3 Simulation results for the correlation of photo-stability with glass

densities

The molecular simulations described in the text show a strong correlation between glass den-

sity and photo-stability, similar to the correlation observed in the experiments. Figure 3.13

shows the number of excitation iterations required for 1% density and 5% orientational order

parameter (Sz) changes, respectively. The most photo-stable glass is about a factor of 20

slower to isomerize than the liquid-cooled glass. The density for glasses vapor-deposited at

different substrate temperatures relative to the liquid-cooled glass are shown in Figure 3.13b.

At Tsubstrate < Tg the density of vapor-deposited glasses is greater than that of the liquid-

cooled glass.
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3.5.4 Stable glass photo-stability at a lower measurement temperature

In the main text, all the photo-stability data presented was collected during irradiation at

287 K, which is 9 K below the Tg. Here we show that, when the measurement temperature

is lowered to 278 K, the PVD glass shows almost no difference in photo-stability. Figure 3.14

shows the density (ρ) and birefringence changes (∆n) during light irradiation for DO37 films

vapor-deposited at Tsubstrate = 0.91Tg. The time required for changes of 0.1% in density,

and 0.005 in birefringence, are nearly the same for the two measurements.
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3.5.5 Liquid-cooled glass photo-stability at different measurement

temperatures

The photo-stability of liquid-cooled glasses was assessed at different irradiation temperatures.

We observe in Figure 3.15 that photo-induced changes in ρ and ∆n are accelerated at lower

temperatures. Lowering the temperature from 287 K to 278 K speeds photo-induced changes

in liquid-cooled glasses by about a factor of two.
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3.5.6 Simulated liquid-cooled glass transition at different cooling rates

For comparison with the experiments, the glass transition temperature of a film of coarse-

grained DO37 molecules was determined for the simulations as shown in Figure 3.16. In the

figure, one can see the cooling rate dependence of Tg. The Tg corresponding to the slowest

cooling rate is used in the main text and elsewhere in the supporting information. The

cooling rates (qc) are presented in units of LJ temperature/LJ time-unit.
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3.5.7 Properties of simulated vapor deposited glasses

Simulated vapor depositions were performed at various substrate temperatures ranging from

0.76 Tg to 0.97 Tg as described in the main text. For each substrate temperature, five sample

films were produced. To compare the properties of the vapor-deposited films to the liquid-

cooled glass, the average inherent structure energy and the average density are calculated;

both of these quantities are evaluated in the bulk portion of the film. Table 3.1 compares

these properties with the liquid-cooled glasses prepared at the three lowest cooling rates. All

the vapor deposited glasses have higher density and lower inherent structure energies. The

liquid-cooled glass at the lowest cooling rate is used as a reference point.

Ts/Tg EIS ρ/ρLC
0.76 -0.244 ±0.010 1.037 ±0.001
0.82 -0.229 ±0.002 1.032 ±0.002
0.85 -0.210 ±0.010 1.027 ±0.003
0.91 -0.139 ±0.013 1.017 ±0.002
0.97 -0.004 ±0.008 0.997 ±0.003
qc

10−6 0.000 ±0.002 1.000 ±0.002

10−5 0.026 ±0.006 0.997 ±0.002

10−4 0.056 ±0.002 0.993 ±0.002

Table 3.1: Comparison of CG-4mer vapor deposited glasses and liquid-cooled glasses. The
substrate temperatures Tsubstrate are all relative to Tg (0.66) and there are three different
quenching rates (qc) in terms of LJ temperature/LJ time-units. The inherit structure energies
(EIS) are all shifted such that the slowest qc is the zero energy point. The densities (ρ) are
reported relative to the slowest qc. Error reported by calculating the standard deviation
from five independent films.
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3.5.8 Estimation of the activation free energy associated with glass packing:

We estimate the activation free energy for molecular rearrangements in the glass by utilizing

the temperature dependence of the structural relaxation or alpha relaxation time (τα). τα is

the characteristic time for intermolecular rearrangements in supercooled liquids and glasses.

At Tg, the supercooled liquid has a τα that is equal to 102 s. At infinitely high temperature,

τα,∞ is estimated to be about 10−13 s, which represents the fastest movement that a molecule

can achieve in the condensed phase. From the following equation,

ln τα
(
Tg
)

= ln τα,∞ + Ea/kTg

we estimate the activation free energy for the supercooled liquid at Tg to be about 34 kTg.

Since the liquid-cooled glass inherits its structure from the supercooled liquid at Tg, 34 kTg

(∼= 34kTg at the irradiation temperature) is also a good estimate of the activation free energy

for molecular rearrangements in the liquid-cooled glass.

For the highest density glass of DO37, we use previous measurements on indomethacin to

estimate the activation free energy. Both DO37 and indomethacin have the same optimum

deposition temperature (0.85 Tg) and show similar density increases compared to the liquid-

cooled glass. For indomethacin, τα at the temperature of preparation (0.85 Tg) can be

estimated to be 1013 seconds.[31] Using this value and the following equation,

ln τα
(
0.85Tg

)
= ln τα,∞ + Ea/

(
0.85kTg

)
we estimate the activation free energy for the highest density PVD glass at about 51 kTg

(∼= 51kTg at the irradiation temperature.)
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CHAPTER 4

DYNAMIC ACTUATION OF GLASSY POLYMERSOMES

THROUGH ISOMERIZATION OF A SINGLE AZOBENZENE

UNIT AT THE BLOCK COPOLYMER INTERFACE

In this chapter a thin glassy layer is created and manipulated for controlled nano-encapsulation

and release. An amphiphilic block copolymer, b-PEG-azoB-PLA, with hydrophilic polyethyleneg-

lycol (PEG) and the hydrophobic poly-DL-lactide (PLA) blocks connected by an azobenzene

unit was synthesized and shown create vesicular assemblies. We were able to encapsulate

guest molecules into the interior lumen of the vesicles or within the hydrophobic membrane

of the polymersomes. Using dye as the guest molecules, we demonstrate that with photo-

excitation of the azobenzene group these vesicles will either leak their contents (during photo

induced isomerization) or remain tightly sealed (no irradiation). Combining experimental

interrogation and molecular simulations of the formed bilayers, we evaluate the possible

mechanisms for this controlled release and investigate the physical features of import in the

system. For instance, the PLA is found to form a glassy thin film which acts as both a strong

barrier to leakage but also acts as a conduit for propagating the mechanical disturbance of

photoisomerization.

All experiments and synthesis were performed by Dr. Mijanur Rahaman Molla and Dr.

Poornima Rangadurai and the computational studies were all developed and performed me.
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4.1 Introduction

Nature relies on specific molecular recognition events on a cellular surface to transmit signals

from the extracellular space into the intracellular lumen. Inspired by these innate abilities of

biological systems, here, we have sought to develop a robust, reversible system where highly

localized conformational transitions at an interface propagate throughout a material. We

utilize azobenzene to disrupt the interface’s fidelity owing to its reversible photo-induced

configurational change. Azobenzene-based homopolymers have been exploited for photo-

induced changes in volume and shape of the soft materials, in addition to their dichroism

and birefringence.[103, 157] In this report, we rely on a different mechanism, namely the

sensitivity of non-equilibrium glassy films to interfacial mobility, to achieve unique photo-

induced mechanical effects with extremely low loadings of azobenzene (just one unit per

polymer chain), and in the self-assembled solution state. Recent studies show that high

interfacial mobility can lead to well-equilibrated glasses, where the structure of the interface

can be imprinted into the bulk material.[141, 135, 29] There are also recent reports on photo-

softening of vesicles, and directional softening of liquid crystalline systems due to azobenzene

photoisomerism.[158, 48] Here we turn that concept around, and show that by targeting

the interface of a pre-formed glassy material selectively, one can create mobility fronts that

propagate across the material, leading to transport processes that can be activated or turned

off, through the application of external cues. We refer to this process as interface-induced

dynamic facilitation. Azobenzene-containing assemblies have been studied for photoinduced

morphoplogical changes.[38, 154, 86, 44, 77] We have taken it a step further to investigate in

detail the mechanical property changes responsible for reversibly stabilizing and breaching

the membrane. We demonstrate that the light-induced isomerization of functional groups

confined into a molecularly thin layer at the interface of a supramolecular assembly can

cause pronounced ripple effects that are transmitted over long length and time scales across

a glassy polymeric membrane. The proof-of-concept principles proposed here present new

avenues for reversible breaching of polymer-based membrane barriers.
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4.2 Results and Discussion

An amphiphilic block copolymer, b-PEG-azoB-PLA (P2, Figure 4.1a), with hydrophilic

polyethyleneglycol (PEG) and the hydrophobic poly-DL-lactide (PLA) blocks, was targeted

with an azobenzene unit at the interface (Mn(NMR) = 16,000 g mol-1, PDI = 1.32, weight

fractions: 29% PEF; 71% PLA) (Fig. 4.1 and SI-Fig. 4.22). Self-assembly of P2 was achieved

via a co-solvent method to attain ∼140-150 nm vesicles with a bilayer membrane thickness

of ∼8 nm, as verified using transmission electron microscopy (TEM) (Fig. 4.1b). Dynamic

light scattering (DLS) suggested the presence of spherical aggregates with an average hy-

drodynamic diameter (Dh) of ∼165 nm (Fig. 4.1c). With the radius of gyration (Rg) from

static light scattering (Fig. 4.1d), the Rg/Rh ratio of 0.93 shows that these are indeed hollow

spherical particles.[110] The morphology was further supported by atomic force microscopy

(AFM) (SI-Fig. 4.8) and comparative 1H NMR in D2O and CDCl3 (SI-Fig. 4.9).

The vesicular-construct offers to validate the interfacial actuation ideas proposed here

through simple, cross-membrane molecular transport measurements. We examined whether

the membrane could serve as a reservoir for hydrophobic molecules (Fig. 4.2a) by incorporat-

ing water-insoluble 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI)

within it. Although the resolution of fluorescence optical polarization microscope (OPM)

does not allow for determining the precise location, the red emitting spherical particles con-

firmed the dyes presence within the assembly (Fig. 4.2d). Both absorption and emission

intensities of the encapsulated DiI did not change over 15 days, suggesting high encapsula-

tion stability, comparable to covalently crosslinked assemblies (Fig. 4.2b,c).[105]

The aqueous lumen inside these vesicular assemblies can also accommodate hydrophilic

molecules, such as rhodamine 6G (R6G). After encapsulation, the fluorescence of the dialyzed

solution was evaluated to confirm the presence of R6G inside the lumen. The emission

intensity of R6G at 555 nm is much lower within the assembly than the absorbance-matched

free dye in aqueous phase (Fig. 4.2f, g), which is attributed to encapsulation-induced increase

in local concentration of the self-quenching R6G.[81, 125] OPM images further confirm R6Gs

77



presence within the assembly interior (Fig. 4.2h). The high stability of encapsulation with

R6G, too, suggests that the amphiphilic polymer at the interface provides a robust barrier

for molecular transport across the membrane.

The morphology of the assembly localizes the photosensitive azobenzene[11] unit at the

interface between the membrane and the aqueous phase in both the lumen and the bulk

media, as shown in Figure 4.1a. Irradiation of the solution with a 360 nm light (photon

flux 1016 cm-2s-1, 2 mW power, 5.55 mW·cm-2 density) for 4 hours, resulted in a gradual

decrease in DiI absorbance (Fig. 4.2j, k) indicating release of the hydrophobic molecule (SI).

No such release was observed from the assembly in dark (SI-Fig. 4.10). Similar irradiation

caused negligible changes in cetyltrimethylammonium bromide micelles, suggesting that the

decrease is not due to photobleaching of DiI (SI-Fig. 4.10). These results provide the first

indication that the observed molecular release may be attributed to the photoinduced trans-

cis isomerization of azobenzene.

A plausible explanation for the observed release could be that the cis-azobenzene poly-

mer, formed during photoisomerization, is not a good host for DiI; because of cis-azobenzenes

higher dipole moment by 3.0 D, which renders cis to be less hydrophobic than the trans

form.[94] However, the typical quantum yield of small molecule azobenzene photoisomeriza-

tion is ∼0.3-0.7.[47, 7] At the irradiation fluence used, this isomerization should be complete

in less than one second. Even possible reductions in quantum yield due to incorporation into

a polymer fail to explain the molecular release that is sustained over 3-hours. Alternatively,

it is possible that the molecular release occurs only during the isomerization process. If the

former scenario was the operating mechanism, then upon irradiating the sample for a short

time the assembly would continue to release guest molecules in the dark, because the initial

isomerization required to compromise the membrane barrier would have been achieved. In

the latter scenario, molecular release would depend on the presence of light, ceasing when

the light is off, and restarting when the light is back on. To distinguish between these

two limiting possibilities, the DiIloaded vesicles were irradiated for an hour, at which time
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there was ∼40% molecular release (Fig. 4.3a, b). The solution was monitored for further

release in dark for 2.5 hours, during which no change was observed. When the irradiation

was restarted, the molecular release indeed resumed. Here, the work is performed through

an energy input, falling back into a dynamically-arrested glassy state in its absence. This

behavior is reminiscent of other systems that operate far from equilibrium.[45, 15, 92]

It is conceivable that a perturbation at the interface of the block copolymer could cause

molecular release, since the hydrophobic guests are right at the interface in the membrane.

It is also interesting to investigate the effect of interfacial activation on the entire mem-

brane barrier, i.e. the effect on the encapsulation stability of the hydrophilic guests in the

aqueous lumen. Temporal release of hydrophilic R6G was indeed observed upon continu-

ous irradiation at 360 nm, which is measured as increased fluorescence due to decreased

self-quenching upon release (Fig. 4.2f, g); further evidence for release was obtained through

OPM imaging (SI-Fig. 4.11). The molecular release occurred only when the light was on,

confirming non-equilibrium behavior (Fig. 4.3e, f). These experiments indicate that the lo-

calized, molecular-level actuation event that occurs at the interface of the glass can propagate

through the membrane and induce diffusion through an otherwise glassy material.

Visible light irradiation (2 mW, 450 nm) also resulted in the release of∼80% DiI molecules

over a period of 480 minutes (Fig. 4.2l, m). The rate of release was slower, relative to 360

nm, which is attributed to the lower absorptivity of azobenzene at higher wavelengths. To

test this idea, we evaluated the release rate with higher number of lower energy photons.

Indeed, the release rate increased (SI-Fig. 4.12), likely due to the higher number of molecules

undergoing photoisomerization. When irradiated at 650 nm, where azobenzene does not

undergo photoisomerization. We did not observe any guest release even at 6 mW power

(SI-Fig. 4.12). Also, the size and morphology of the assemblies before and after exposure to

light remained intact (SI-Fig. 4.13). Collectively, these observations demonstrate that these

supramolecular vesicles release their guest molecules only during active photoisomerization.

The following two limiting mechanistic possibilities can be invoked to interpret the ob-
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served behavior: (i) the azobenzene chromophore in P2 contains an amine donor and a

carboxylic ester acceptor, which makes it a donor-acceptor chromophore. The barrier for

thermally activated cis to trans back-isomerization is known to be low for such donor-

acceptor chromophores.[104] Therefore, the photo-generated cis isomer can convert rapidly

back to the trans form. In this scenario, if this transient cis isomer does not form a stable

assembly, it causes the molecular release to occur far from equilibrium through rapid forth-

and-back transitions that become a source of mobility at the interface; (ii) The photoinduced

isomerization process at the interface causes a change in the hydrophobic packing, thereby

compromising the integrity of the membrane barrier through fluctuations of density.

Typical azobenzene absorption maximum is centered around 350 nm for the trans isomer

and ∼450 nm for the cis form, attributed to their π-π∗ and n-π∗ transitions respectively. But

these spectral bands are known to overlap for the push-pull azobenzenes.[104] The absorption,

corresponding to the azobenzene unit, did not change in response to 360 or 450 nm irradiation

(SI-Fig. 4.13). This result supports the first mechanistic pathway proposed above. However,

this behavior by itself does not suggest that the possible transient cis isomer is the reason

for the observed actuation behavior. To test this, polymer P4 was synthesized where both

phenyl rings in azobenzene contain alkoxy units (SI-Scheme 4.6, Fig. 4.4e). The lack of

donor-acceptor character and the increased bond length alternation[90] allows for the discrete

formation and characterization of the trans and cis azobenzene based polymers. Polymer

P4, which self-assembles similar to P2 into ∼135 nm vesicles (SI-Fig. 4.14), exhibited an

absorption maximum at ∼340 nm corresponding to the trans-azobenzene. Photoirradiation

of the vesicular assembly in aqueous phase resulted in a decrease in absorption at 340 nm with

a concurrent increase at ∼440 nm, which corresponds to the cis isomer (SI-Fig. 4.14). The

photostationary cis-rich state was reached in less than 5 minutes. As anticipated from the

electronics of the substituents, the cis-isomer did not thermally relax back to trans-isomer

even after 4 hours (SI-Fig. 4.14).

If the transient formation of the cis-isomer is the reason for the poor membrane fidelity in
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the P2 assembly, then the stable formation of the cis isomer in P4 should cause continuous

release of the guest molecule even in dark. However, here too, both hydrophobic molecular

release from the membrane and hydrophilic molecular release from the lumen were found

to be dependent on energy input. When the irradiation discontinued (cis-rich state), there

was no molecular release, but resumed upon restarting the photo-irradiation (Fig. 4.4a-d).

This non-equilibrium behavior is independent of whether the resting state of the assembly

is the trans- or the cis-isomer. These results unambiguously rule out the transient isomer

formation hypothesis.

The results above serve to underscore our hypothesis that isomerization-induced interfa-

cial mobility leads to transient relaxation of the glassy membrane material in the presence

of light. To further substantiate this hypothesis, molecular dynamics (MD) simulations were

performed on the assemblies described above. In our calculations, the PLA block constitutes

the hydrophobic membrane barrier. This block is particularly sensitive to the disruption

caused by the surface activation at the block copolymer interface. Therefore, factors that

affect the packing and permeability of this block in its self-assembled state are of interest.

Simulation studies were performed using the all-atom optimized potential for liquid simula-

tions (AA-OPLS) force field with TIP4P water model.[72, 69] Each polymer consisted of 20

ethyleneglycol monomers in PEG, along with hydrophobic blocks varying in size of with 20

to 50 lactide monomers (as defined in Fig. 4.1a), respectively. Due to system size constraints

for atomistic simulations, we focused on a small section of the bilayer (Fig. 4.4k). Pristine

PLA has an experimental Tg in the range of 330 K to 345 K[39, 5] and the experimental

Tg of PLA in P1 was found to be slightly lower, consistent with that found in the case of

PLA in block copolymers.[163, 168] To account for the Tg of PLA, an annealing run was

performed from 450K to 298K. An iterative procedure was used to simulate photo-excitation

and isomerization, where the stochastic nature of photo-excitation was not enforced, given

the time scales accessible to simulations, and the focus was on the structural and dynamic

changes that occur during successful isomerization events.
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The glass transition and glassy nature of materials all depend on the observation timescales.

In all-atom simulations, these timescales are on the order of nano-seconds, which are much

shorter compared to those in experiments. Therefore, the Tg in all-atom simulations is gen-

erally calculated as the lowest simulated fictive temperature (Tf) for the material, i.e., as

the intersection of the equilibrium super-cooled liquid extrapolated to lower temperatures,

and the glass line extrapolated to higher temperatures. For PLA, the Tf was calculated by

examining the density of the system and the Debye-Waller (DW) factor for PLA as a func-

tion of temperature, evaluated during the cooling of the 20-unit PLA chains (SI-Fig. 4.16).

The average mean-squared-displacement of the hydrogen atoms for a set ∆t=10 ps was used

to calculate the DW factor, which provides a measure of local mobility. A Tg of 390 K was

estimated from our simulations, which is approximately 45-60 K higher than the experimen-

tal Tg for the polymer (SI-Fig. 4.16). This difference is expected for all-atom simulations

– when one considers that Tg is known to change by approximately 3 to 5 K per decade

of cooling rate. The mobility of the water molecules in and through the bilayer is not only

dependent on the temperature of the system, but is also strongly dependent upon whether

the PLA is in a glassy state or not. Once the PLA falls out of equilibrium and enters a

glassy state, the mobility of the water in the PLA decreases drastically. Rather than being

diffusive, water motion consists of rare hopping events, which are characteristic of transport

in glassy polymers (SI-Fig. 4.16).

The mobility of various components of the system was calculated throughout the pho-

toexcitation process. In Figure 4.4l-n, the mobilities of the PLA molecules and water within

the PLA region were calculated as a function of time for the 20-unit chains. During the 20 ns

prior to the light perturbation, there is little change in the DW factors for either the PLA or

the water within the PLA region. Once the photo-excitation process is initiated, both DW

factors increase appreciably, in a step-like manner (Fig. 4.4m,n). After the photoexcitation

process is over, the DW factors of the PLA and water contained within the PLA region relax

to their original value, before the excitation process. The increase in DW factors depends
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on the proportion of azo groups undergoing isomerization (Fig. 4.4m,n). Such increases are

appreciable; if one estimates the temperature change that would be necessary to achieve a

comparable DW factor increase and finds that the change should be on the order of tens of

degrees (SI-Fig. 4.16). Note that similar effects are observed for the two higher molecular

weight systems considered in this work (SI-Fig. 4.19).

These results show that the photoinduced isomerization event causes an increase in the

mobility of the azo groups, which then propagates to the PLA, thereby increasing the mo-

bility of water in the PLA region. These mobilities can be reasonably implicated in the

triggered compromise of the hydrophobic barrier that facilitates cross-membrane transport

of water-solvated and membrane-bound molecules. Note that, in our experimental system,

additional effects could further increase the enhanced mobilities themselves, such as the

possible local heating caused by the non-radiative, thermal relaxation of the photoexcited

azobenzene moieties at the interface of the polymer. In simulations however, the tempera-

ture is deliberately held constant through the use of a thermostat, and the increased mobility

throughout the PLA domain is caused by the mechanical actuation, induced through the

isomerization events at the interface. Note that in this process of interface-induced dynam-

ical facilitation, only a subset of the azobenzene groups located in a molecularly thin layer

need be isomerized in order to enhance mobility and transport. To test the possibility of

thermal effects, simulations were performed without a thermostat in the microcanonical en-

semble. A temperature increase of 1 K for the system was observed during the isomerization

(SI-Fig. 4.18). This temperature increase is easily absorbed by having a thermostat act on

the water molecules and, given the thermal diffusivity of water and PLA, it is dissipated on

the timescale of a few pico-seconds (SI-Fig. 4.18). A temperature rise of such a small mag-

nitude is unlikely to enhance mobility considerably beyond the effects that are attributable

to mechanical actuation alone.

To experimentally test this theory, i.e. whether molecular release can be achieved by

simply taking PLA above its Tg due to local heating, hydrophobic molecular release from
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the membrane and the hydrophilic molecular release from the lumen of the assembly were

monitored at different temperatures. Even at temperatures above the Tg of PLA, there was

no molecular release in either of these cases (Fig. 4.4i). A control PEG-PLA block copolymer

without the photoactive azobenzene at the interface was synthesized (Fig. 4.4g, SI-Scheme

4.7) and hydrophobic azobenzene small molecules were non-covalently incorporated as guest

molecules, along with DiI, within the vesicular membrane of this polymer (Fig. 4.4f, SI-

Scheme 4.7). When these non-covalent azobenzenes are photoexcited, the non-radiative,

thermal relaxation of these guest molecules did not cause local heating of the PLA domains,

as there was no molecular release from the membrane (Fig. 4.4 4h). Additional support for

our photo-activated molecular release kinetics comes from experiments at different temper-

atures. The molecular release process exhibits a linear Arrhenius behavior, including in the

temperature range above and below the Tg of PLA (SI-Fig. 4.15). Here it is important to

note that transport in glasses generally exhibits an Arrhenius temperature dependence in the

vicinity of the glass transition temperature, consistent with our experimental observations.

Moreover, there is evidence within the literature of athermal photo-fluidization, where the

isomerization of azobenzene causes a glassy system to flow without a measurable tempera-

ture increase.[42, 113] We therefore view our proposed explanation of mechanical actuation

at the interface as the operating mechanism for the observed processes.

Finally, we demonstrate the potential utility of this molecular scale actuation-based,

nonequilibrium process can result in a macroscopically observable event. Here, we protect

one of the two reactive components in the assembly, which is then released on-command

to encounter its complementary reactant. Hexamathylene diamine was encapsulated within

the aqueous lumen of the supramolecular capsule, while sebacoyl chloride was dissolved in

hexane. If unprotected in a biphasic mixture, these two components rapidly react at the

interface to produce nylon. However, since the diamine is protected by the capsule membrane,

no nylon formation was observed. Upon exposure to light to actuate the membrane, rapid

formation of nylon is indeed seen. This process can be iteratively performed to control the
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degree of nylon formation, until the diamine is exhausted in the assembly. Overall here,

we cause a molecular scale configurational change in an azobenzene unit (∼1 nm) to cause

mobility fronts in a membrane (few nm), which causes a nanoscale vesicle (∼100 nm) to leak

its contents and generate nylon fibers (µm thick and mm long). In addition to bridging the

length scales, the truly biomimetic feature of this demonstration also arises from the fact

that this transformation is carried out far-from-equilibrium.

4.3 Conclusions

Our results show that a single functional group at the hydrophobic/hydrophilic interface of a

membrane can be utilized to dynamically propagate a molecular level actuation event across a

glassy polymeric nanomaterial. In this work, we introduce a novel mechanism for actuation of

glassy materials at interfaces. We show that actuation about a single chemical bond can cause

perturbations of a membrane that are felt over distances that surpass 500 chemical bonds in

the PLA domain. The fact that the membrane barrier is activated only in the presence of an

energy input also suggests that these events take the system into an active, out-of-equilibrium

state that can be turned off in the absence of external cues. Computer simulations have

been used to establish a detailed correspondence between the surface-induced activation

mechanism and the dynamic facilitation that is observed in homogeneous glass films. In the

systems considered here, we propose that in the absence of light activation, the azobenzene

groups are tightly packed and create an interface of low mobility. Upon isomerization, the

interface undergoes a sudden increase of mobility that rapidly propagates into the bulk

of the PLA-based glassy membrane, partly as a result of the oriented nature of the PLA

chains in the assemblies considered here. The principles developed here have implications in

applications such as controlled release and cryptic catalysis.
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Figure 4.1: Structure and characterizations of the block copolymer, P2 a. Chemical struc-
ture of the block copolymer P2 and cartoon representation of the vesicle with zoomed region
representing bilayer formation. b. TEM images of self-assembled P2 polymer, negatively
stained with uranyl acetate. c. Size distribution and autocorrelation function of P2 aggre-
gates determined by DLS in aqueous medium. d. Partial Zimm plot to determine radius
of gyration, Rg. e and f. AFM phase and height images of P2 vesicle. g and h. Zoomed
version of one vesicle. i, AFM height profile. j. AFM phase profile. a-b is the line drawn on
a vesicle for cross-sectional analysis.
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Figure 4.2: Encapsulation ability and stimuli-responsive behavior of P2 vesicles a. Schematic
representation of hydrophilic and hydrophobic guest encapsulation and release from P2 vesi-
cles, stars indicate hydrophilic guests and squares indicate hydrophobic guests. b. Absorp-
tion and c. Emission spectra of DiI encapsulated P2 vesicles d. OPM image of DiI loaded
vesicle. e. Chemical structure of DiI molecule. f. Absorbance matched spectra and g.
Emission spectra of R6G in water and R6G in P2 vesicles. h. OPM image of the R6G
encapsulated P2 vesicles. i. Chemical structure of R6G. j. Decrease of DiI absorption
intensity with time in presence of UV light and l. Visible light from P2 v. k. % release of
DiI in presence of UV light and m. visible light from P2.

87



Figure 4.3: P2 vesicles demonstrating non-equilibrium behavior. Absorption spectrum in-
dicating DiI release from P2 vesicles during alternating cycles of (a) UV light and dark
and (c), visible light and dark. % release profile of DiI from P2 vesicles in the alternating
presence of (b) UV and dark, and (d), visible light and dark. e. Increase in the emission
intensity of R6G as a result of its release from P2 vesicle, controlled by alternating cycles
of UV and dark. f. Emission intensity profile of R6G during light and dark cycles. Orange
portions of b, d and f indicate release saturation.

88



Figure 4.4: Mechanistic investigations to understand the P2 release mechanism Structure
of (a) P4 (b) small molecule azobenzene (12) and (c) PEG-PLA P5. d. Control of DiI
release from P4 vesicles, e. Percent release of DiI from P4 vesicles. f. R6G release from
P4 vesicles, and g. Emission intensity of R6G from P4 vesicles. (Orange portion indicates
release saturation),under UV light. h. % release in PEG-PLA (P5) with small molecule
(12) and DiI co-encapsulated under UV light. i. Absorption spectra of DiI encapsulated
P2 through a heating and cooling cycle j. Absorption spectrum showing the trans-cis-trans
switchability of P4. k. AA-OPLS simulation model. Snapshot of the bilayer with 20 PLA
monomers. There are some water molecules (blue) that enter into the PLA region (ochre)
during equilibration. PEG is colored black and the azobenzene linkers are colored red. l, m,
n. Indicates 20-PLA chain photoexcitation process. Gray box indicates simulated photo-
excitation. l the density (ρ) of the system, m indicating the mobility of PLA and n indicating
the mobility of water molecules in the PLA region during the excitation.
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4.4 Supplementary Information

4.4.1 Materials and Methods

All the reagents were purchased from commercial sources and used as such without further

purification. 1H NMR spectra was recorded on a Bruker DPX-400 MHz NMR spectrometer

and all the spectra were calibrated against trimethylsilyl (TMS) standard. Dynamic Light

Scattering (DLS) measurements were carried out on a Malvern Nanozetasizer. TEM images

were recorded on a JEOL-2000FX machine operating at an accelerating voltage of 100 kV.

Fluorescence emission spectra were recorded on a JASCO (FP-6500) fluorimeter. UV-Vis

spectra were recorded in a Carry 100 Scan spectrometer. Optical fluorescence microscopic im-

ages were captured on Olympus Fluorescence Microscope (BX51). Mass spectrometric data

were acquired by an electron spray ionization (ESI) technique on a Q-tof-micro quadruple

mass spectrometer (Micro mass). Atomic force microscopy (AFM) images were obtained on

DI 3000 AFM Four machine.

4.4.2 Synthesis Details

Synthesis of Compound 2[56]: Poly (ethylene glycol) monomethyl ether ( Mn = 5000) (5

g, 0.001 mol) and triethylamine (0.05 g, 0.005 mol) were taken in a 100 mL round bottomed

flask and dissolved in 30 mL dry dichloromethane and the reaction mixture cooled to 0 ◦C.

Then 4-toluenesulfonyl chloride (0.95 g, 0.005 mol) was added to the reaction mixture and

it was allowed to go on for 2 h at 0◦C followed by 12 h at room temperature (RT). The

reaction was then terminated, the product precipitated from diethyl ether and recrystallized

from ethanol (yield = 95 %).

1H-NMR (400 MHz, DMSO-d6, TMS): δ (ppm) = 7.78 (d, 2H), 7.48 (d, 2H), 4.10 (t, 2H),

4.34 (t, 2H), 3.67 (t, 4H), 3.52-3.40 (m, 446H), 3.23 (s, 3H), 2.42 (s, 3H).

Synthesis of Compound 4[56]: Compound 2 (3 g, 0.6 mmol) and 3 (0.4 g, 2.9 mmol)

were taken in a round bottomed flask and dissolved in 50 mL dry dimethylformamide along
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with activated potassium carbonate (0.4 g, 2.9 mmol). The reaction mixture was placed

in a preheated oil bath at 50 ◦C and stirred for 24 h. Then the reaction was stopped and

poured into an excess of cold diethyl ether to precipitate the product. It was recrystallized

in ethanol to get pure product in 72% yield.

1H-NMR (400 MHz, DMSO-d6, TMS): δ (ppm) = 7.63 (d, 2H), 6.56 (d, 2H), 5.97 (s, 2H),

4.26 (t, 2H), 3.68 (t, 4H), 3.52-3.40 (m, 446H), 3.23 (s, 3H).

Synthesis of Compound P1: Aqueous solution (1 mL) of compound 4 (0.63 g, 0.13 mmol)

was cooled to 0 ◦C temperature and 0.1 mL of concentrated hydrochloric acid (HCl) was

added along with aqueous solution of sodium nitrite (NaNO2) (45 mg in 0.5 mL water).

Then cold DMF solution of compound 5 (0.145 g, 0.9 mmol) was added dropwise to the

reaction mixture and allowed to stir at RT for 72 h under inert atmosphere. The reaction

mixture was diluted with 20 mL chloroform and washed with water (3 x 30 mL) and brine

(1 x 30 mL). The organic layer was collected and dried over anh. sodium sulfate (Na2SO4).

The chloroform layer was then precipitated from diethyl ether to get red color solid product

in quantitative yield.

1H-NMR (400 MHz, DMSO-d6, TMS): δ (ppm) = 8.10 (d, 2H), 7.87 (d, 2H), 7.80 (d, 2H),

6.86 (d, 2H), 4.84 (t, 2H), 4.42 (t, 2H), 3.77-3.43 (m, 454H), 3.23 (s, 2H), 1.16 (t, 3H). GPC

(DMF): Mn = 6000 g mol-1, PDI = 1.10.

Synthesis of Polymer P2[99]: Lactide monomer (3,6-Dimethyl-1,4-dioxane-2,5-dione) was

first recrystallized several times from ethyl acetate and dried thoroughly. Then 190 mg (1.3

mmol) of the monomer and the catalyst, tin (II) 2-ethylhexanoate (Sn(Oct)2)(12 mg, 0.2

mmol), were taken in a Schlenk flask and dissolved in 0.6 mL of dry toluene. The macroini-

tiator P1 (70 mg, 0.013 mmol) was dissolved in dry toluene (0.5 mL) and added to the

reaction mixture. The resulting reaction mixture was placed in a preheated oil bath and

stirred at 120 ◦C temperature under argon atmosphere for 48 h. The reaction was stopped,

cooled to room temperature and the product precipitated from cold diethyl ether. To remove

the unreacted macroinitiator, it was dialyzed (MWCO 7000 Da) against water for 48 h while
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water was changed every 6h. The resulting solution was lyophilized to get orange color solid

polymer.

1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 5.21 (broad peak, 1H), 3.70 (PEG protons),

3.40 (s, 3H), 1.57 (broad peak, 2H). GPC (DMF): Mn = 18000 g mol-1, PDI = 1.32.

Synthesis of compound 7: Compound 2 (700 mg, 0.67 mmol) and p-nitro phenol (94 mg,

0.67 mmol) were taken in a round bottomed flask along with activated potassium carbonate

(94 mg, 0.67 mmol). All the reactants were dissolved in 50 mL dry DMF and the reaction

mixture was placed in a preheated oil bath at 60 ◦C and stirred for 30 h. Then the reaction

was stopped and poured into an excess of cold diethyl ether to precipitate the crude product

as a yellow color solid. It was dialyzed (MWCO 3500 Da) against water for 24 h to remove

unreacted nitro phenolate. The dialyzed solution was lyophilized to get pure product as off

white color solid in 75% yield.

1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 8.25 (d, 2H), 7.01 (d, 2H), 4.30 (t, 2H), 3.90

(t, 2H), 3.8-3.5 (m, PEG protons), 3.41 (s, 3H).

Synthesis of compound 8: Compound 7 (500 mg, 0.09 mmol) was dissolved in 50 mL of

ethanol in a reaction bottle. 150 mg of Pd/C was added slowly to the methanol solution of

compound 7. The reaction bottle was then connected to a shaker hydrogenator apparatus

under the pressure of 40 psi. After 24 h reaction was terminated, filtered through celite and

the solvent was evaporated to get the pure product in quantitative yield.

1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 6.81 (d, 2H), 6.45 (d, 2H), 4.20 (t, 2H), 3.90

(t, 2H), 3.81-3.52 (m, PEG protons), 3.41 (s, 3H).

Synthesis of compound 9: Aqueous solution (1 mL) of compound 8 (400 mg, 0.05 mmol)

was cooled to 0 ◦C and 0.1 mL of concentrated HCl was added to it along with an aqueous

solution of NaNO2 (45 mg in 0.5 mL water). In a separate vial, phenol (145 mg, 1.54 mmol)

was dissolved in aqueous solution (1 mL) of sodium hydroxide (150 mg, 3.75 mmol) and

added dropwise to the solution of compound 8. The resulting reaction mixture was stirred

at room temperature for 15 h. The reaction was stopped and dialyzed (MWCO 3500 Da)
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against water for 24h to remove unreacted excess phenolate. The dialyzed solution was

lyophilized to get pure product as light yellow color solid in 90% yield.

1H NMR (400 MHz, DMSO, TMS): δ (ppm) = 7.81 (d, 2H), 7.54 (d, 2H), 7.21 (d, 2H), 6.91

(d, 2H), 4.55 (d, 2H), 4.30 (t, 2H), 3.90 (t, 2H), 3.8-3.5 (m, PEG protons), 3.41 (s, 3H).

Synthesis of P3: Compound 9 (220 mg, 0.042 mmol) and 3-bromo 1-propanol (23 mg, 0.17

mmol) were taken in a round bottomed flask along with activated potassium carbonate (20

mg, 0.14 mmol) and catalytic amount of potassium iodide. All the reactants were dissolved

in 10 mL dry DMF and the reaction mixture was placed in a preheated oil bath at 60 ◦C and

stirred for 24 h. The reaction was stopped and dialyzed (MWCO 3500 Da) against water for

24 h to remove any unreacted 3-bromo 1-propanol. The dialyzed solution was lyophilized to

get pure product as light yellow color solid in 85% yield.

1H NMR (400 MHz, DMSO), TMS): δ (ppm) = 7.84 (d, 1H), 7.55 (d, 1H), 7.42 (d, 1H),

7.11 (d, 1H), 4.58 (2H, t), 4.14 (2H, t), 3.7-3.45 (PEG protons, and −CH2OH protons, m),

3.24 (3H, m), 2.1 (2H, m). GPC (DMF): Mn = 6000 g mol-1, PDI = 1.10.

Synthesis Polymer P4[99]: Before the polymerization reaction was set up, lactide monomer

was recrystalized from ethyl acetate. Then, lactide monomer (200 mg, 1.38 mmol) and cat-

alyst tin (II) 2-ethylhexanoate (Sn(Oct)2) (12 mg, 0.21 mmol) were taken in a Schlenk flask

and dissolved in 0.5 mL dry toluene. The macronitiator P3 (60 mg, 0.011 mmol) was dis-

solved in dry toluene (0.5 mL) and added to the reaction mixture. The final reaction mixture

was placed in a preheated oil bath and stirred at 120 ◦C temperature under argon atmo-

sphere for 48 h. The reaction was stopped, cooled to RT and precipitated from cold diethyl

ether. To remove unreacted macroinitiator, it was dialyzed (MWCO 7000 Da) against water

for 48 h while water was changed every 6 h. The resulting solution was lyophilized to get

orange color solid polymer.

1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 5.20 (broad peak, 1H), 3.71 (PEG protons),

3.41 (s, 3H), 1.55 (broad peak, 2H). GPC (DMF): Mn = 10000 g mol-1, PDI = 1.30.

Synthesis of compound 12: Aqueous solution of compound 10 (Fig. 4.10) (1g, 6.6 mmol)
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was cooled to 0 ◦C and 0.1 mL conc. HCl was added to it slowly with stirring, followed by

an aqueous solution of NaNO2 (1.3g, 19.8 mmol). A cold solution of compound 11 in DMF

was added dropwise to the reaction mixture. The reaction was allowed to proceed for 6 h

and then diluted with chloroform and washed with water and brine. The chloroform layer

was concentrated and run through a purification silica gel column to get compound 12 in

quantitative yield.

1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 8.2 (d, 2H), 8 (d, 2H), 7.8 (d, 2H), 7 (d, 2H),

4 (s, 3H), 3.8 (t, 2H), 3.5 (t, 2H), 3.3 (q, 2H), 0.9 (t, 3H)

Synthesis of compound P5: Lactide monomer was recrystallized from ethyl acetate and

used for polymerization. Lactide monomer (1g, 6.9 mmol), poly(ethylene glycol)methyl ether

(347mg, 0.069 m.mol, Mn:5 kDa) and catalyst tin (II) 2-ethylhexanoate (Sn(Oct)2) (34 uL,

0.104 mmol) were taken in a Schlenk flask and dissolved in 1 mL dry toluene. The reaction

mixture was placed in a preheated oil bath and stirred at 120 ◦C temperature under argon

atmosphere for 48 h. The reaction was stopped, cooled to RT and precipitated from cold

diethyl ether to obtain the polymer.

1H NMR (400 MHz, CDCl3, TMS): δ (ppm) = 5.20 (broad peak, 1H), 3.71 (PEG protons),

3.41 (s, 3H), 1.55 (broad peak, 2H). GPC (DMF): Mn = 16,000 g mol-1, PDI = 1.30.

4.4.3 Characterization Studies

Dynamic Light Scattering (DLS) Study: For the DLS measurements, 0.5 mg of the

polymer P2 was dissolved in 200 µl of acetone and, 1 mL water was added to it drop-wise

for 10 minutes with constant stirring. The solution was kept open for 12 h to evaporate

acetone. It was then filtered using hydrophilic membrane (pore size 0.450 µm) before the

measurements were recorded.

Transmission Electron Microscope (TEM) Study: The same polymer solution that

was prepared for the DLS study was used for TEM measurements. The sample was drop-

casted on a carbon coated copper grid and air dried for 12 h. The average diameters of the
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vesicles by TEM were found to be slightly lower than the hydrodynamic diameter by DLS

measurements owing to shrinkage of the membrane in the dried state.

Atomic Force Microscopy (AFM) Study: One drop of the polymer solution (made for

DLS) was placed on silicon wafer and dried in air for 12 h before images were taken. Con-

siderably lower height of the vesicle compared to the width, and larger size compared to the

TEM and DLS sizes can be attributed to the flattening of the hollow soft vesicular particle

due to adsorption on the surface.[127]

Static Light Scattering (SLS): Static light scattering (SLS) measurements were per-

formed on a ALV/SP-125 goniometer instrument. The same solution, prepared for DLS

was also used for SLS study. Here, data was collected for different angles (30◦, 40◦, 50◦,

60◦, 70◦, 80◦, 90◦, 100◦, 110◦ and 120◦) of incident light source, keeping the concentration

of the solution same in all the measurements. The radius of gyration (Rg) was estimated

from partial Zimm plot using the equation shown below.

I−1 = C(1 +R2
gq

2/3) (4.1)

Where I = I ′ sin(θ); I ′ = intensity of scattered light; θ is the angle of scattered light, C

a constant; Rg is the radius of gyration; q is the magnitude of the scattering wave vector;

q = 4πn sin(θ/2)/λ0 (n is the refractive index of the liquid and λ0 is the wavelength of light

in vacuum). From the slope of this plot, Rg was estimated.

Self-Assembly Studies by NMR: 2 mg of polymer P2 was dissolved in 200 µl of acetone

and 1 mL D2O was added drop wise to the acetone solution. The solution was kept open

for 12 h to evaporate acetone from the solution and the 1H NMR was recorded.

Fluorescence Microscopy Studies: In a typical fluorescence microscopic experiment, 50

µl of dye encapsulated vesicle solution was placed on a cleaned glass slide, and a cover glass

was placed on it. Images were captured on a fluorescence microscope (OLIMPUS BX-51) in

40 × magnification.
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UV and Photoluminescence Studies: All the experiments were carried out at 25◦C us-

ing a quartz cuvette of 0.2 cm path length.

DiI Encapsulation: To the vesicle solution of P2 polymer, 10 µl of DiI solution in acetone

was added and stirred for 12 h at 25◦C temperature. The vial was kept open to evaporate the

acetone from the solution. The solution was then filtered through a hydrophilic membrane

(pore size: 0.45 µm) before any experiment was performed.

Optical polarization microscopy (OPM) was also performed to confirm dye encapsulation.

A drop of 0.1mg/mL polymer with DiI encapsulated, was placed between a glass slide and

a cover slip. Although the resolution of optical microscopy does not allow us to determine

the precise location of the dye molecules, the red emitting spherical particles under the fluo-

rescence optical polarization microscope (OPM) confirmed its presence within the assembly

(Fig. 4.2d).

The dye by itself is insoluble in water, therefore we cannot see any absorbance or emis-

sion corresponding to it (Fig. 4.2b and c, Red). However, when the dye is encapsulated in

the hydrophobic pockets of the vesicle, one can observe the absorbance and emission. The

dye release from the vesicle upon irradiation of light can be observed from the absorbance

and emission spectrum. The intensity goes down as the dye is released from the vesicle,

rendering it insoluble. The release % can be quantified from the absorbance spectrum using

the following equation: [(I0 − It)/I0] · 100 where I0 is the initial intensity of absorbance and

It is the absorbance intensity at any time t.

R6G Encapsulation: 1 mg of R6G was dissolved in 100 µl MeOH and the MeOH was

evaporated to make a thin film of R6G. To this thin film, vesicle solution of P2 (1 mg/mL)

was added with constant stirring. The solution was stirred for 2 h and the resulting mixture

was dialysed against water for 3 days while the water was changed in every 6 h interval.

This dye encapsulated solution was used for optical spectroscopic measurements.
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Rhodamine 6G is a water soluble dye. After encapsulation of R6G, the polymer solution

was extensively dialyzed against water to get rid of excess unencapsulated dye. Fluorescence

of the dialyzed solution was then evaluated to confirm the presence of the guest molecules

in the lumen. The emission intensity of the dye molecule at 555 nm within the assembly

is much lower than the absorbance-matched solution of the free dye in the aqueous phase

(Fig. 4.2f, g). This reduced emission is attributed to the encapsulation-induced increase in

local concentration of the self-quenching R6G guest molecules. Upon irradiation, the R6G

molecules upon release into the bulk, will experience much less self-quenching which can be

observed with a recovery in the fluorescence intensity (Fig. 4.3e).

OPM images also confirm the presence of the dye molecules within the assembly interior

(Fig. 4.2h)

Calculation of Dye Loading Efficiency and Loading Capacity : The dye loading ef-

ficiency (DLE) and dye loading capacity (DLC) were calculated by absorption spectroscopy

using the following equations:

DLE (%) = [weight of dye in vesicles/weight of dye in feed]×100%

DLC (%) = [weight of dye in vesicles/weight of dye loaded vesicles] × 100%

The dye loading capacity of the P2 vesicles were found to be 29% and 2%, and their dye

loading efficiencies were 40% and 13% for DiI and R6G respectively. The guest encapsula-

tion capacities of these assemblies were 29 wt% and 2 wt% for DiI and R6G, respectively.

The large difference in this capacity is attributed to the fact that the bulk aqueous medium

provides a competitive solvation environment for R6G, but not for the hydrophobic DiI

molecule.

Light Responsive Dye Release Studies: Dye encapsulated vesicle solution was taken in

a quartz cuvette and kept under UV light (360 nm), visible light (450 nm) or the appropriate

aforementioned light source, separately. Release of the dye molecules were monitored by

absorption and fluorescence spectroscopy. A small stir plate with temperature control was

used inside the UV chamber, for the Arrhenius fit studies. For each set of measurements, an
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oil bath was preheated inside the UV chamber, inside which the sample was clamped, with

constant stirring for each measurement.

Thermal studies: Thermogravimetric analysis (TGA) was performed using a TGA Q500

system from TA Instruments Inc. under a N2 atmosphere from 0-500 ◦C at a heating rate

of 5 ◦C /min.

Differential Scanning Calorimetry (DSC) was performed using a DSC Q200 RCS system

from TA Instruments Inc. with refrigerated Cooling System. The sample was heated with

constant ramp rate of 10 ◦C/min between -30 ◦C and 90 ◦C.

From the DSC data, we can see that during the first heating cycle, there is a sharp melting

endotherm at 46.3◦C. The PLA Tg transition overlaps in this region, thus we cannot see it

in the DSC.

4.4.4 Molecular Dynamics Simulations

Molecular dynamics simulation studies: All-atom simulations of the PEG-AZO-PLA

bilayer were performed using the all-atom optimized potential for liquid simulations (AA-

OPLS) force field with TIP4P water model [69, 72]. Updates to the OPLS force field pa-

rameters for PLA were applied to the PLA polymer block[93]. Each polymer consisted of 20

PEG monomers, and three different cases were used for the length of the PLA end: 20, 30,

and 50 PLA residues (as defined in the main text). Bilayers were constructed in vacuum with

either 6×6 polymers, for the 20 and 30-unit cases, or 8×8 polymers, for the 50-unit case, in

each leaflet with the PLA blocks of the separate leaflets in close proximity, where the normal

of the leaflet is in the z direction. During construction, the chirality of the stereo centre

within each PLA monomer was randomly chosen to ensure that the polymers were atactic.

The energy of the entire system was then minimized using the conjugate-gradient method.

A short isothermal isobaric run (3-5 ns) was performed at 450 K with just the polymers.

During this run, a moving restraint on the center-of-mass distance between the two PLA

leaflets was used to draw them together prior to solvation, and also to relax the x and y
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dimensions. The bilayer was then solvated with enough water molecules such that a layer of

only water, approximately two nanometers thick, separated the PEG leaflets (Figure 4.4j).

After solvation, all water molecules in the PLA region were removed. The energy of the

system was minimized, after which a 5 ns long isothermal-isobaric run at 450 K was carried

out to relax the system.

PLA has an experimental Tg in the range of 330 K to 345 K. Due to this high Tg (discussed

further below), an annealing run was performed from 450 K to 298 K. For equilibration

purposes, two separate thermostats were used during these simulations, one that acted on

the water atoms and another for the polymer atoms. The water atoms were kept at 298

K, while the temperature of the polymer atoms was elevated to increase the mobility of the

PLA region and allow the structure to better relax on simulation timescales. The polymer

atoms were initialized to 450 K and allowed to relax to this elevated temperature for 10

ns. Following this slight temperature equilibration, these atoms were cooled from 450 K

down to 298 K at a rate of 10 K/ns and held at 298 K for 5 ns. By the end of this

equilibration procedure, the x and y dimensions were found to be approximately 6.5 nm,

and the z dimension was found to be around 13 nm for the 20 PLA-unit chains. An iterative

procedure was used to simulate photo-excitation and isomerization. In this procedure, the

stochastic nature of photo-excitation was not enforced, but rather we concentrated on the

structural change that occurs during successful isomerization events. Photoisomerization

was induced using moving harmonic restraints, kharmonic = 1000 kJ/mol, on the C-N-N-C

dihedral angle within the azobenzene group. Each iteration consisted of the following steps:

1. Random selection of a predetermined proportion of azobenzene groups

2. Using the pulling restraint, the selected torsion was moved from a trans-conformation

to a cis-conformation over a period of 5 ps

3. A restraint was applied to the cis-conformation for 500 ps

4. The pulling restraint was applied to move the torsion back to the trans-conformation
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in 5 ps

This procedure was repeated throughout the simulation when the light perturbation was

enacted. In the absence of light excitation, no external restraint was applied to the dihedral

to keep it in the trans-conformation. The time period of 250 ps and 1000 ps was also tested

for step 3 of the isomerization procedure (Figure 4.20). The thermal relaxation time back to

the trans state for azobenzene depends upon the local environment and the chemistry, and

measurements range from pico-seconds to microseconds. Our simulations are restricted to

timescales on the order of pico-seconds to nano-seconds. With these considerations in mind,

and given that the 3 time intervals examined exhibit comparable results, the time interval

of 500 ps was selected. The reference temperature during photo-excitation production runs

was held at 298 K. During all production runs, temperature coupling was achieved using

velocity rescaling with a stochastic term[16]. A semi-isotropic pressure coupling was used for

all runs, where the x and y dimensions were coupled together separate from the z dimension,

as is common for constant pressure simulations of bilayers. The equilibration runs were

performed using mainly the Berendsen barostat, which can handle large fluctuations more

readily, and production runs were performed with the more thermodynamically consistent

Parrinello-Rahman barostat [13, 109]. Coulombic forces were calculated using the particle

mesh Ewald method.[41] All simulations were performed with a time step of 2 fs and periodic

boundaries were applied in all dimensions. Molecular simulations were carried out using

the GROMACS 5.1.1 simulation package with the PLUMED 2.2 plug-in for the moving

restraints.[59, 112, 107, 1, 147]

Simulation studies on the longer PLA chain P2:

The response to isomerization for PLA chains of different molecular weights was also

considered. The results are shown in Figure 4.19. Specifically, the PLA block was increased

to 30 residues, which is about a third of the experimental length, and subjected to the same

simulation procedure that was implemented for the 20-residue case. One can appreciate

in the figure that both systems exhibit a very similar response when subjected to a 20%
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activation rate (Fig. 4.19a,b). The length of the PLA chains was further increased to 50

residues, or little more than half the experimental length. In that case the system size was

increased from 6×6 polymers in each leaflet to 8×8 in order to accommodate the longer

molecules, thereby resulting in simulations with more than 300,000 atoms. Given these large

sizes, and the higher simulation costs, the isomerization period was reduced from 50ns to

10ns (Fig. 4.19c). The equilibration and preparation of the 50-residue case led to membranes

with slightly higher density around the azobenzene groups, which required the transition time

for isomerization to increase from 5 ps to 30 ps and that a smaller harmonic constant be

used, namely kharmonic=200 kJ/mol. The enhanced-dynamics profile for the 50-residue case

displays the same behaviour as observed for the 20 and 30-residue case, even in the presence

of these changes (Fig. 4.19). Moreover, the enhanced dynamics are more pronounced than

in the shorter-chain systems.

4.4.5 Controlling Interfacial Nylon Formation

A control reaction of just sebacoyl chloride in hexane (concentration of 0.0010mg/mL), and

hexamethylene diamine in water (concentration of 0.0014mg/mL), were gently mixed (by

pouring the hexane solution gently down the sides of the vial containing the water layer).

Instantaneously, long strands of nylon could be picked from the interface using a tweezer.

0.01 mg of hexamethylene diamine was encapsulated in 0.1mg/mL polymer solution, and the

resultant solution was extensively dialyzed against water for two days, changing water every

8 hours. After encapsulation, the sebacoyl chloride in hexane (coloured with Nile Red dye

for clear video) was added very slowly along the sides of the vial. No nylon strands could

found at the interface. The vial was then kept in the UV chamber for 45 minutes to ensure

complete release of the encapsulated hexamethylene diamine. After irradiation, however,

there were few strands of nylon that could be picked from the interface of the two solvents

(did not have to stir or vortex).
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Figure 4.5: Synthetic route for the polymer P2.
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Figure 4.6: Synthetic route for the control polymer P4.

P3

Figure 4.7: a. Synthesis of the small molecule DA azobenzene 12. b. Synthesis of the
PEG-PLA block copolymer P5.
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a b

Figure 4.8: a. 1H-NMR spectra of monomer, macro-initiator and polymer P2. Black, red
and blue spectra correspond to monomer, macro-initiator and polymer P2 respectively. *
indicates solvent peak. b. GPC chromatogram of macroinitiator P1 and polymer P2. Red
and black spectra correspond to macro-initiator and polymer respectively. Solvent = DMF,
Temperature = 25 ◦C, Molecular weight and PDI were calculated with respect to PMMA
standards. c and d. AFM height and phase images of P2 vesicle. e and f. Zoomed version
of one vesicle. g, AFM height profile. h. AFM phase profile.
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Figure 4.9: a. Empty P2 vesicles and R6G loaded vesicle. Top. Zoomed version of TEM
image of a vesicle (negatively stained with Uranyl Acetate). Bottom. TEM image of R6G
loaded vesicle. b. TEM images of P2 vesicles without negative staining. c. 1 H-NMR stack
plot of non- aggregated (Black) and aggregated P2 polymer (Red). * indicates solvent peak.
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Figure 4.10: a. Release of DiI molecules from P2 vesicle in dark. b. Release of DiI from
CTAB micelle in presence of UV light and in c., dark. d. % Release of DiI from P2 vesicle
in dark and from CTAB micelles in presence of UV light and dark as well.
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Figure 4.11: R6G release experiments in presence of UV/Visible light. a. Release of R6G
in presence of UV light. b. R6G release in presence of a visible light (blue and wavelength
= 450 nm). c. Control experiment in dark. d and e., Change of emission intensity with
time in presence of UV/Vis light. f. Control experiment using visible light (red) of 650
nm wavelength where photoisomerization does not happen. Optical polarization micro-
scopic (OPM) images. g. Image of R6G encapsulated P2 vesicle. Red particle indicates
R6G loaded P2 vesicle. h. Image after the UV irradiation of the R6G loaded vesicle. Red
background indicates release of the R6G in the bulk water.
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Figure 4.12: DiI release from P2 by varying number of photons from visible light. a. and
c. Change of absorption intensity of DiI in presence of visible light (450 nm, a, photon
flux = 6.3×1016 cm-2s-1 and c, photon flux = 2.5×1016 cm-2 s-1). b and d. % release of
DiI in presence of visible light (b, photon flux = 6.3×1016 cm-2s-1 and d, photon flux =
2.5×1016 cm-2 s-1). e, Determination of release rate by varying the number of photons from
visible light. Rate of release increases with the increase of number of photons. Release in
presence of a visible light of 650 nm wavelength. f. Release of DiI from P2 vesicle in
presence of 650 nm wavelength light. g. Plot of % release with time.
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Figure 4.13: Size and morphology of P2 vesicle after 6h exposure to UV light. a. Comparison
of DLS profile of P2 vesicle before and after the UV light exposure with the corresponding
correlation functions on the left. b. TEM image (negatively stained with Uranyl Acetate) of
P2 vesicle after treated with UV light. Photoisomerization in presence of UV/Visible
light. c. Time dependent absorption spectra of P2 vesicle solution in presence of UV and
d. visible light respectively.
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Figure 4.14: Chemical structure, size and morphology of control polymer P4. a, Structural
representation of control polymer P4. b, DLS profile of the self-assembled P4 polymer.
c, TEM images (negatively stained with Uranyl Acetate) of self-assembled P4 polymer.
Photoisomerization of P4 polymer in presence of UV light. d, Under UV light trans
isomer converts to cis isomer within 5 minutes. e, Change of absorption spectra of cis isomer
in dark, over 4h.
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Figure 4.15: Thermal behavior of P2. a, DSC plot showing a melt endotherm at 47◦C. b,
TGA plot of P2 showing the % weight loss of PLA from 210◦C and PEG % weight loss from
350◦C. Testing Arrhenius behavior of P2. c, % release of DiI from P2 equilibrated at
different temperatures, under UV stimulus. d, ln k vs 1/T displaying a linear Arrhenius fit.
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Figure 4.16: Cooling runs of the PLA block for 20 PLA unit chains. a, The average Debye-
Waller factor for water atoms located within the PLA region as a function of temperature.
b, Extrapolations (dashed red lines) of the liquid-cooled lines and glassy state lines for the
density of the system (blue) and the Debye-Waller factor (black) as a function of temper-
ature were used to calculate the simulated Tg for PLA. 20 PLA unit photo-excitation
response. c, The proportion increase in the DW factor for the PLA (red) and the water
contained inside it (blue) as a function of proportion activated. d, The proportion increase in
the average Debye-Waller factor when the polymer molecules are subjected to a heat shock
at different temperatures relative to the averaged DW factor at 298 K.
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Figure 4.17: Proton NMR of compound 12. The * indicates solvent peaks.
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Figure 4.18: Local heating in simulations. a,Temperature of the system during one iso-
merization iteration where 20% of the azobenzene groups are isomerized when there is no
thermostat algorithm applied, i.e. NVE simulation. b, Temperature of the water (black)
and polymer (red) atoms where only the water atoms are coupled to a thermostat set at
298 K and the polymer atoms are NVE. Panel c is the temperature for the entire system
and the gray box indicates the isomerization events are occurring. One dimensional heat
equation. The 1D heat equation was solved numerically using the Crank- Nicolson method
with ∆x = 0.1 nm, ∆t = 0.001 ps and Dirichlet boundary conditions. d, The state of the
system every 0.5ps. The blue region used the thermal diffusivity of water (0.143 nm2/ps) and
the yellow/PLA region used the diffusivity of PLA estimated from 55 Fig. 7 (0.95 nm2/ps).
e, The temperature at the interface marked on (d) as a function of time.
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Figure 4.19: System Size Comparison. (a), The average Debye-Waller (DW) factor of the
water molecules within the PLA region and (b) the PLA molecules calculated as a function
of time for the 30- lactide case (black) and the 20-lactide case (red). The DW factors are
normalized by the value prior to isomerization. (c) The DW factors for the PLA (black) and
the water contained within (red) for the system with 50 PLA residues per polymer chain.
The blue region serves to highlight the period of simulated photoisomerization, where 20%
of azobenzenes are being excited.

Figure 4.20: Time Interval Comparison. Top. The Debye-Waller factor of the encapsulated
water and (Bottom) PLA molecules as a function of time for cis times 500 ps (black), 1000
ps (red), and 250 ps (blue). The time during simulated photoisomerization is highlighted by
the grey block.
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b)

Figure 4.21: Bilayer thickness comparison, analyzed using Image J software: (a) and (b)
before irradiation (Figure 4.1), (c) and (d) after UV irradiation (SI-Fig. 4.13).
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Figure 4.22: NMR characterization of P2. Calculation of molecular weight of P2. Number
of PEG repeats: 423/4=106. The molecular weight of the PEG block was 106×44 (Mw of
one PEG repeat) = 4670 Da. Number of PLA repeats (defined in supplementary scheme
1)= 158/2= 79. Molecular weight of the PLA block= 144(Mw of one PLA repeat unit) ×
(159/2) = 11, 376 Da. Therefore, the molecular weight from NMR= 16, 046 Da.
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Figure 4.23: PC characterization of P2. a. A bimodal distribution was observed in the
GPC before the polymer was purified by dialysis. b. Molecular weight of two different
batches of PEG-Azo-PLA synthesized. The 18K batch was used for all the analysis in this
report. c. GPC analysis of P2 after treatment with NaOH, pH 10. The PLA segments get
hydrolyzed in these conditions and the reappearance of the P1 peak and smaller molecular
weight aggregates, confirms the presence of PEG and PLA blocks in this polymer.
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CHAPTER 5

CHEMICAL STRUCTURE EFFECTS TO MOLECULAR

GLASS PHOTO RESISTS

This chapter is the culmination of a short internship with IBM at their research facility

in Almaden, CA. While there, under the advisement of Jed Pitera, I simulated molecular

glass systems that were previously studied internally, and worked with some of the experi-

mentalist like Daniel Sanders. These were no longer industrial relevant, but had similarities

to molecules still being studied, however, are proprietary. In this chapter there are refer-

ences to experimental results, these were shared communications with me while I was there.

Unfortunately, there is no paper or shared data to reference for it.

5.1 Introduction

Photolithography has been one of the main driving forces in miniaturization and advance-

ment within the semiconductor industry. In this process, a mask and ultra-violet light is

used to create a number of copies featuring nano-sized features by imprinting nano-sized

features onto a photosensitive substrate, which is coated on a silicon wafer.[2] This photo-

sensitive material, also known as photoresists or resists, are chemically altered in the ex-

posed regions, typically changing the solubility of the region. This process is limited by the

wavelength of light used, however the 193 nm ArF excimer lasers have been used for over a

decade due to further advancements such as immersion technology[123] and multi-patterning

technology[156, 71, 166] for resolution enhancement.

Industry is always pushing for continually shrinking length scales, with the current 10 nm

node and soon 7 nm node release, which has feature sizes on the tens on nanometers. Cur-

rently, polymer based chemically amplified resists are the most commonly used photoresist

material. However, as the features enter into the sub-10nm range new materials for resists

may need to be considered. Resist performance is measured by a number of factors including,
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but not limited to: resolution, line width roughness (LWR), line edge roughness (LER), and

defectivity control.[84] The large size and poly-dispersity of polymeric resists have been iden-

tified as a limiting factor in resolution, which can cause undesirable fluctuations increasing

LER.[34]

Molecular glass resists have been proposed as a possible alternative to the current poly-

meric systems. These materials can have the desired high thermal stability and glass transi-

tions temperatures with smaller molecular weight and more reproducible chemical structure.

Thus the material is mono-disperse and smaller molecular weight, which has been associated

with lower LER.[34] As stated in Ref. 34, the more “pixel” like structure of the molecular

glasses compared to the polymeric systems is believed to improve the resolution of the resists

and capture the smaller feature designs.

In this study we look at three candidates for molecular glass photo-resists, or at least the

base structures for future development. The three molecules, 1,3,5-tris(3-ethynylphenyl)benzene,

1,3,5-tris(2-phenylethynyl)benzene, and 1,3,5-tris-(4-ethynylphenyl)benzene, have the same

molecular weight and vary only based on location of ethynyl group. The 1,3,5-tris(2-

phenylethynyl)benzene molecule has been reported before as a high-temperature thermoset.[22]

This comparative study will give information on how simply changing the location of a triple

bond, which effects the stiffness and radius of gyration of the molecule, has on the glass and

structural properties of the system. The ethynyl group is not only of interest for its effect

on the molecules rigidity, but it is the active locations for the photo-resist. Under the right

conditions and UV irradiation, these sites can cross-link form joint networks. The reaction

and intermediates are still not well understood for these molecules, but it is known that

acetylene can thermally trimerize to benzene, for instance.[149] Thus the structural differ-

ences between the molecules and the confinement effects has on the structural properties,

particularly those involving the ethynyl coordination, are of special interest.
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5.2 Methods

All-atom simulations were performed using the all-atom optimized potential for liquid sim-

ulations (AA-OPLS) force field.[69, 72] An updated dihedral potential across the bond be-

tween two phenyl rings was used.[25] Following a similar procedure to Ref. 25, a weak

dihedral potential was calculated and implemented for across the triple bond between two

phenyl rings as shown in the supporting information (Fig. 5.4). Bulk simulations were con-

ducted using a Nosé-Hoover thermostat and barostat for constant temperature and pressure,

respectively.[91] All simulations were performed using the Large-Scale Atomic/Molecular

Massively Parallel Simulator (LAMMPS) package[111] with a simulation time step of 0.001

ps. The covalent hydrogen bonds were constrained by the SHAKE algorithm[122] and elec-

trostatics were solved using the Particle-Particle-Particle-Mesh algorithm[61]. Each system

had 1200 molecules (57,600 atoms) and the box lengths at 450K were on average about

9.3nm for the more dense molecules considered. The longest internal molecular distance for

1,3,5-tris-(4-ethynylphenyl)benzene, or the para case, is about 16 Å. Thus, the box length

was typically about 5 to 6 times the molecular length of the molecules considered. The

unmodified AA-OPLS parameters gave a simulation Tg of about 378K for the para case with

a cooling rate of 10 K/ns. This value is higher than the reported melting temperature of

≈ 360K, as stated in the supporting information of Ref. 146, which is unphysical. In order

to correct for this, the σ and ε Lennard-Jones values for the carbon atoms were reduced by

5% from the original values in the AA-OPLS force field for all molecules considered. After

this change, a reasonable simulation Tg of about 350K for the para case at the same cooling

rate is obtained.

The bulk of a trench was simulated by imposing a lower and upper wall in the z coordinate

at a fixed width of 10 or 5 nm, whereas the x and y dimensions were periodic and coupled to

a Nosé-Hoover barostat. Molecules were added to the system until the equilibrium lengths

for the x and y dimensions were between 9 and 10 nm at a pressure of 1 bar and temperature

of 450 K. The walls interacted via a 9-3 Lennard-Jones potential with parameters used for
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silicon[151], ε = 0.584 Kcal/mol and σ= 3.3855Å, and a cut-off of 14Å. A slab geometry

with slab volfactor of 3.0 was used for the electrostatics calculation.[160]

5.3 Results and Discussion

Cross-linking reactions are dependent on the location of the ethynyl groups within the

molecules. In order for the reaction to occur, the proper coordination needs to be reached

for the reaction to proceed and the intermediate transition states to be obtained. Three

molecules of the same molecular weight were studied 1,3,5-tris(3-ethynylphenyl)benzene,

1,3,5-tris(2-phenylethynyl)benzene, and 1,3,5-tris-(4-ethynylphenyl)benzene, which will be

referred to as meta, interior, and para, respectively, from here on. As the names indicate,

these structures differ only by the location of the ethynyl groups as highlighted in Figure 5.1.

This modification in chemical structure causes major changes in the phase behavior and prop-

erties of the material. The para and interior case both are more prone to crystallization than

the meta case. Moreover, the interior case has a higher glass transition temperature (Tg)

than the para and meta cases, and the meta case has a lower Tg than the para case.

Figure 5.1: The three different molecules considered herein are drawn with all atoms in
the same plane. Each differ based on the location of the triple bond ethynyl groups (high-
lighted in blue). From left to right: 1,3,5-tris(3-ethynylphenyl)benzene (Meta), 1,3,5-tris(2-
phenylethynyl)benzene (Interior), and 1,3,5-tris-(4-ethynylphenyl)benzene (Para).
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Bulk homogeneous simulations were conducted of each molecule as described in the Meth-

ods section. Rotational autocorrelations were calculated based on the unit normal of the

center phenyl ring as described in the supporting information. This acts as a measure of

local relaxation, as the molecules are able to rotate around and lose memory of its initial

position. Moreover, it is an easily accessible measure of the materials relaxation times for

evaluating if the material is in a glassy state on simulation timescales. Cooling runs with a

cooling rate of 10K/ns were also used to estimate the fictive temperature (Tf), at which the

material falls out of equilibrium and becomes glassy. This temperature will be referred to as

the simulated glass transition temperature or simply Tg from here on. For comparison, the

rotational relaxation, τrot, is listed for temperatures 450K and 400K and the calculated Tg

in Table 5.1. In agreement with experimental results, the interior case has the highest Tg

whereas the meta and para cases have very close Tg values. However, the τrot for the para

case is consistently higher than the meta case by almost a factor of two for all temperatures

measured (supporting information). This implies that the para case would fall out of equi-

librium at a higher temperature than the meta case and this deviation could possibly widen

as they reach experimental timescales.

Molecule ρ450 K (g/cm3) τrot, 450K (ns) τrot, 400K (ns) Tg (K) 10 K/ns

Interior 0.946± 0.003 0.929 11.8 364
Para 0.991± 0.004 0.622 4.45 351
Meta 0.989± 0.004 0.369 2.31 349

Table 5.1: Glass Properties for each molecule. The average density, ρ, is calculated at 450K.
The rotational relaxation τrot is calculated from the rotational autocorrelation function of
the unit normal vector of the center benzene ring. A stretched exponential, exp(−( t

τrot
)β), is

then fit to the resulting curve (supporting information). The Tg is calculated from a cooling
run with a cooling rate of 10 K/ns.

The ability to cross-link is of interest, and thus we wanted to evaluate the differences

in structural properties of the different materials. Radial distribution functions (rdf) were

calculated for both the ethynyl group atoms and the center-of-geometry (COG) of the phenyl

rings at a temperature of 450K (Fig. 5.2). This temperature was chosen as all systems are
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able to locally relax and proper ensemble averaging can be attained. The interior case has

a much sharper peak at about 5.5Å in the phenyl ring rdf than the meta and para case

(Fig. 5.2a). The ethynyl groups cause some steric hindrance in the meta and para case

whereas the interior case the external phenyl groups are more exposed and are able to more

freely rotate. The first peak and exclusion area afterwards occur at the same distance for

all three molecules. Related to the ability to cross-link, the rdf of the ethynl groups provide

structural information for the liquid state as to how close these groups are coming into

contact. For both the meta and para case, the initial peak occurs at a little under 4Å. From

there the two rdf’s diverge as meta has more of an exclusion between the first and second shell

relative to the para case. In the para molecule, the positions of the ethynyl groups are all

relatively fixed; however, in the meta case the ethynyl groups move with the rotation of the

biphenyl dihedral. There is more variation in the relative distances between intramolecular

ethynyl groups. This variation causes the second peak in the rdf to be lower relative to the

para case. Based on steric repulsions, it was thought that the interior case would not be a

good cross-linker. However, it has been seen experimentally to cross-link efficiently and even

though the first peak is lower than 1 in the rdf it is about 0.8 only shifted slightly farther

away to about 5Å relative to the para and meta case.
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Figure 5.2: Radial distribution functions calculated at 450 K of the intermolecular (a) center-
of-mass of the benzene rings and (b) the ethynyl groups for the para (black), meta (red),
and interior (blue) molecular structures.
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Confinement effects caused by shrinking feature sizes were explored by mimicking the

bulk region of trench as depicted in the insert of Fig. 5.3c. The meta case was only explored

as the other two molecules have been observed to be prone to crystallization. The width of

the trench was fixed at either 10 or 5 nm wide and the walls interacted via a 9-3 Lennard-

Jones potential with parameters set to mimic silicon.[151] Figure 5.3(a-f) display the density

profile, Debye-Waller factor, and the Sz average orientation order parameter as a function

of z, where the walls are located at the min and max values of z. The Debye-Waller factor

is the average mean-squared-displacement of the hydrogen atoms for a fixed time step, in

this case a time step of 10 ps was used. For orientation information is given by the Sz order

parameter defined as

Sz = 〈P2(n · nz)〉 =
3

2
〈cos2(α)〉 − 1

2
(5.1)

where P2 is the second Legendre polynomial, n is the unit normal of the center phenyl ring,

and nz is the unit vector normal to the walls. Sz values range from -0.5 to 1.0, where -0.5

indicates that unit normals average to be completely perpendicular to nz, a value of 1.0 for

perfect alignment with nz, and 0 for when the average orientation is random. In all plots

of Fig. 5.3(a-f), there is a layering effect caused by the surface of the trench. The denisty

profiles for both the 10nm and 5nm cases show 3 distinct peaks near the interface, and

according to the Sz profiles the molecules are oriented such that the normals of the center

ring is mostly aligned on average with the normal of the wall surface. The peaks all decay

as you move further into the film, and appear to have the strongest effect within 10Å of the

wall. However, in the 5nm case there is still noticeable peaks above the noise near the center

of the film as shown in insert of Fig. 5.3f. Thus, the layering effect is not able to decay

completely. Moreover, the Debye-Waller factor, which is associated with local mobility and

free volume, also does not have a plateau region in the 5nm case as it does in the 10nm case.

The rdf’s of the phenyl rings or the ethynyl groups in the center bulk regions of the

trenches do not change much given the slight layering effect in the 5nm case (Fig. 5.3g).

However, the rdf’s do not extend into the decay region as the rdf’s do not converge to 1.0
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Figure 5.3: Two wall confinement of the meta case, simulation of the bulk region of a trench
as pictured in the insert of (c) for (a-c) 10nm wide and (d-f) 5nm wide trench. The Debye-
Waller factor (a and d), the density (b and e), and the molecular orientation order parameter
(c and f) relative to the normal of the center benzene ring as functions z location. The insert
in (f) is a zoomed in plot of the Sz order parameter in the middle of the trench. (g) The
ethynyl (black) and external benzene ring (red) radial distribution function for both 5nm
(solid) and 10nm (dashed) case.

until about a distance of 16Å as seen in Fig. 5.2 as well. Given the slight layering affect that

is already noticeable in the bulk region for the 5nm case and the distance it takes for the rdf

to converge to 1.0, any trench width less than 5nm would have strong layering effects all the

way through the material. Already for the 5nm case, about half the material falls into the

region within 1 nm of the walls that have high alignment as observed in the Sz profiles. This

may have negative effects on the materials ability to cross-link with the low bulk percentage.

The 10 nm case still has a larger percentage that can be considered bulk and likely would

not suffer much from confinement effects.

5.4 Conclusions

The simulations performed herein, demonstrate some of the property changes observed ex-

perimentally for changing the location of the triple bonded ethynyl group. The Tg and

susceptibility to crystallization of of the material is dependent upon the location as well as

the ability to cross-link. Even though the ethynyl groups are more sterically shielded in
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the interior case, the rdf suggests that these groups still come within the same distance as

those of the para and meta cases, just more depleted. However, this restrictive structure

could cause the neighboring molecules to be in a more aligned relative configuration for

cross-linking for the intermediate state to form, which may explain the good cross-linking

behavior observed experimentally for the interior case. The trench simulations suggests that,

as far as the material is concerned, confinement effects will not distort the bulk region of a

molecular glass until around a width of 5nm.
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5.5 Supporting Information

5.5.1 Ethynyl Dihedral

The dihedral potential across the triple bond connecting the two phenyl rings in the interior

case was calculated using Gaussian[30, 46] and slowly rotating the dihedral angle. The

OPLS dihedral potential is then numerically fit to the calculated potential. The resulting

coefficients in kcal/mol were:

V1 = -0.0048, V2 = 0.6347, V3 = 0.0045 , and V4 = -0.0035
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Figure 5.4: The calculated dihedral potential via stepwise Gaussian calculations (solid) and
the corresponding fit (dashed). Dihedral calculated is highlighted above.

5.5.2 Rotational Relaxation

A relaxation time τrot was calculated by fitting a stretched exponential,

exp

(
−
(
C(θ, t)

τrot

)β)
,

to the rotational autocorrelation function with respect to the unit normal of the center ring

as pictured in Fig. 5.5. The τrot and β for each fit are provided in the corresponding plots.
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In Figure 5.5, cos(θ) is defined as

C(θ, t) = 〈n0 · nt〉 = 〈cos(θ, t)〉

such that n0 and nt are the unit normals of the center ring at time zero and time t, respec-

tively. Thus, θ is the average angle between the two vectors at time t.
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Figure 5.5: The rotational autocorrelation functions for the interior, para, and meta case
(from left to right) with respect to the unit normal of the center benzene ring as shown
within the interior case plot. Four different temperatures were measured: 450K (green),
420K (blue), 400K (red), and 380K (black). Stretched exponentials were fit to each plot
(dashed lines) and the fit parameters are listed within each plot.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

To conclude, this thesis has been about investigating different ways to tune or change the

properties of an organic glass. Either through the formation process of physical vapor-

deposition (PVD), using photo-isomerization to either act as a switch (Chapter 4) or irre-

versibly change the glass (Chapter 3), or by changing the chemical structure of the molecule

itself (Chapter 5). Each of the projects presented herein can be expanded and explored

further.

In Chapter 2 we were able to provide the first all-atom molecular dynamics simulation of

an experimentally verified stable glass former. Vapor deposition led to films with enhanced

kinetic stability and lower inherent structure energies relative to the liquid-cooled glasses; the

onset temperatures were found to be up to 11 K above those of the liquid cooled films. Even

the small molecular structure of ethylbenzene displayed anisotropic ordering at the vacuum

interface with the equilibrium liquid, which was then “frozen” into the films at different

points depending on the substrate temperature used, which is consistent with, and further

enforces, the mechanism proposed in Reference 88. The properties associated with charge

transport, the distribution of site-energies and the transfer integrals between molecular sites,

were shown to improve for the vapor deposited glasses relative to those of the liquid-cooled.

This improvement seemed to be attributed to both the anisotropic ordering of the molecules

as well as the increased density observed for PVD. Similar studies should be performed for

more industry relevant organic semiconductors, where their large molecular structure may

favor a higher degree of anisotropy in the films. Moreover, pi-stacking is more favorable for

the more common organic semiconductors, which may lead to more favorable configurations

in the better equilibrated vapor-deposited glasses.

Continuing the study of the effect vapor-deposition has on the glass properties. We

demonstrated in Chapter 3 that PVD glasses can be much more photostable than those

formed by liquid-cooling. The improvement in stability was highly correlated with the im-
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proved density observed for stable glass formers. This led us to believe that the efficient

packing formed by vapor deposition causes a higher energy barrier for molecular rearrange-

ment. In the simulations, we were able to show that the behavior will become similar in the

limit of a really strong driving force for isomerization, which overcomes whatever barriers

the packing creates. Further studies of PVD effects on photo-reactivity of the glasses have

been performed by my collaborator Yue Qiu, showing PVD films to be more resistant to

photodegradation.[114] It is of interest to see how doping a stable glass former with a photo-

reactive azobenzene derivatives, rather than the entire film being able to react. What would

the composition effects be, such as how much dopant would be required to see an effect in

the vapor deposited films versus that of liquid cooled? What kind of relationship would there

be between host molecular structure and size relative to that of the azobenzene derivative?

These would all be related to the “photo-softening” effect that is utilized in Chapter 4.

Chapter 4 we demonstrated that activated leakage of a vesicles can be achieved by incor-

porating a single azobenzene unit into the backbone of an amphiphilic diblock copolymer,

PEG-azo-PLA, located at the interface of hydrophilic polyethyleneglycol (PEG) and hy-

drophobic poly-DL-lactide (PLA) blocks. The PLA block has a Tg higher than 298K and

acts as a gate keeper. Upon irradiation, the mobility of the PLA region increases due to

the mechanical strain imposed on the film from the isomerization of the azobenzene units.

Once the light input is stopped and the isomerization reactions ceases, the films reseal. This

process can be repeated until the contents have no thermodynamic drive to leave the now

porous vesicles. As mentioned, this is an example of “photo-softening” of a glassy matrix by

an azobenzene unit. One of the first examples of measurable release of a dye molecule from

the glassy matrix upon irradiation. Computationally, more work can be done to look at the

mechanics of the system. For instance, calculate the amount of work done by a successful

isomerization or can calculate the stress imposed on the membrane for different percentage

of azobenzene units reacting.

Finally, Chapter 5 we demonstrated that by changing the location of triple bonded
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ethynyl groups within a molecule can change the glass properties of the material. This

is due to the change in internal degrees of freedom of the molecules. What is of interest

is the properties that change that relate to cross-linking; the molecule that was thought

to have steric hindrance reacts quite well in experiments. We attempted to start exploring

this by simply looking at the relative radial distribution functions for the relevant reactive

atoms. However, it is still being studied by members at IBM what the reaction pathway is

for these types of molecules to cross-link. Once the structures of the transition states are

better understood for the possible pathways, further studies can be done to look at how

the packing of these materials either favor or disfavor these reactions. Such a study would

then provide further insight into how confinement effects may affect the molecules ability to

cross-link and act as a photo-resist.
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