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We design and synthesize a set of homologous organic molecules, by taking advantage

of facile and tailorable Suzuki cross-coupling reactions to produce triarylbenzene deriva-

tives. By adjusting the number and the arrangement of conjugated rings, the identity of

the heteroatoms, lengths of fluorinated alkyl chains, and other interaction parameters, we

create a library of glassformers with a wide range of properties. Measurements of the

glass transition temperature (Tg) show a power-law relationship between Tg and molecular

weight of the molecules, with an exponent of 0.3± 0.1, for Tg values spanning a range

of 300 K - 450 K. The trends in indices of refraction and expansion coefficients indi-

cate a general increase in the glass density with MW , consistent with the trends observed

in Tg variation. A notable exception to these trends was observed with the addition of

alkyl and fluorinated alkyl groups, which resulted in significantly reduced Tg and increased

the dynamical fragility (which is otherwise insensitive to MW ). This is an indication of

reduced density and increased packing frustrations in these systems, which is also cor-

roborated by the observations of decreasing index of refraction with increasing length of

these groups. This data was used to launch a new database for glassforming materials,

glass.apps.sas.upenn.edu.
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I. INTRODUCTION

The dynamics of a supercooled liquid (SCL) drastically slows upon cooling towards the glass

transition temperature (Tg), such that for every few degrees of cooling, the structural relaxation

time (τα ) and viscosity (η) increase by a decade1–3. As such, the glass transition temperature,

Tg, depends on the cooling rate. Tg is conventionally defined at a cooling rate of CR ∼10 K/min,

corresponding to τα ∼100 s for most systems3,4. In molecular glasses and polymers within a

homologous series, Tg has been shown to generally increase with the molecular weight (MW )5–12

through a power-law relationship, Tg ∝ Mν
W where 0.3 < ν < 0.510,12,13. These observations are

consistent with theoretical predictions of the molecular weight dependence of Tg14–17. However,

strong intermolecular interactions13,18 and variations of intra-molecular degrees of freedom can

affect the value of Tg as well as a molecule’s glassforming ability19,20. Systematic studies of

the effect of interactions, structural motifs, and network formation on glass transition have been

explored in systems such as metallic alloys21, network forming glasses22–26, and ionic liquids27–29.

Molecular Dynamics simulations have also shown Tg to be related to packing details and density30.

The dynamic fragility index (m) is also an important factor in characterising thermal properties

of a supercooled liquids close to their Tg. m, normalized activation energy at Tg, is a measure of the

degree of non-Arrhenius behavior of a glassy system. Most molecular glasses31–35 and polymers36

display a fragile behavior, with large values ofm. In contrast to Tg, fragility is typically not a strong

function ofMW , and is instead affected by factors such as mechanical properties37, side-chain flex-

ibility in polymers38, or shape anisotropy in molecular glasses30. However, some studies suggest

that a weak linear correlation may still exist between fragility and Tg39. It has also been suggested

that m is an increasing function of the product of Tg and the glass expansion coefficient (α)40,41.

As such, for systems with similar expansion coefficients, an apparent dependence of m on Tg and

therefore Mw may still be observed. The dependence of fragility on α and the molecular level

interactions highlights the important role of the local interaction potential and its anharmonicity42

on the properties of supercooled liquids.

Given this complexity of their behavior, understanding the structure/property relationships in

molecular glassformers is critical in designing new materials for specific applications. Predictive

models and algorithms have indeed been used to estimate Tg and fragility in molecular glasses43–46

as well as polymers47. Structure/property relationships have also become more critical in stud-

ies of stable vapor-deposited glasses48. In these systems, in addition to the deposition condi-
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tions, Tg and fragility49, the thermal stability and glass structure also depends on factors such

as hydrogen bonding and other intermolecular interactions50–54 as well as molecular shape and

orientation53,55–57. All of these factors affect the structure and dynamics of the supercooled liquid

at its free surface58–60, which in turn templates the properties of a vapor- deposited glass61.

One approach to independently study the role of each structural motif on the glass properties is

to design homologous series of molecules where these variables can be tuned independently8,50. In

this study, we expand on our earlier approach8 of using high-throughout Suzuki cross-coupling re-

actions to generate a library of triarylbenzene molecules, homologous to tris(naphthyl)benzene

(TNB), a well-characterized molecular glassformer19,20,62,63. This approach allows us to sys-

tematically study the role of molecular weight, shape, intra-molecular degrees of freedom, and

molecular level interactions on the glass transition temperature and fragility, as well as indices

of refraction and expansion coefficients of both SCL and glass states, through differential scan-

ning calorimetry (DSC) and in-situ spectroscopic ellipsometry experiments, with a capability to

measure cooling rate-dependent Tg8,64. The combination of the facile synthesis and simple and

broadly accessible experimental techniques provides a wealth of data that can be used for future

exploration using predictive design approaches.

The Tg values of compounds designed in this study span a range of ∼ 150 K, starting from

just above room temperature up to 452±2 K which is comparable or higher than common glassy

and thermoplastic polymers such as polystyrene, polycarbonate, and polyurethanes, making these

molecular glasses and their analogues of potential interest in various applications such as resist

materials9, organic electronics65,66, 3D patterning67, and other coatings, where ductility may not

be critical, but high thermal stability and high Tg is desirable. Molecular glasses with the same Tg

as polymers can be more processable for such applications as they do not have the high viscosity

of entangled polymers, eliminating the need for additives, and enabling preparation via physical

vapor deposition or 3D printing.

II. METHODS

A. Synthesis of Triarylbenzene Molecules

The starting material, 1-Bromo-3-chloro-5-iodobenzene, was synthesized by students enrolled

in the Chemistry 245 class (Introduction Organic Chemistry Laboratory) at the University of Penn-
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FIG. 1. Molecular structure of molecules 1-19. Structures are color-coded into several homologous series,

organized as follows: the addition of aromatic substituents (purple), the presence of heteroatoms other than

fluorine (red), dimer compounds (pink), and compounds containing akyl or fluorine alkyl chains (blue).

Color-coding and compound numbers shown here are used throughout this manuscript.

sylvania. Procedures for this synthesis are detailed by Gilbert and Martin68. To synthesize com-

pounds (1)-(19) shown in Figure 1 (numbered for simplicity), palladium catalyzed Suzuki cross-

coupling reactions were used to couple aryl boronic acids with aryl halides to form biaryl linkages.

The final products were characterized using Nuclear magnetic resonance (NMR) measurements,
1H NMR and 13C{1H} NMR (Brüker AM-500 Fourier transform NMR spectrometer, 500 and 125

MHz). The synthesis of compounds 1, 2, 4, 5, and 12 was reported in our earlier publications8.

The details of the synthesis, purification, and NMR characterization of all other compounds are

provided in the online supporting information (SI†).
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FIG. 2. A) Heat capacity vs. temperature, measured upon cooling at a rate of 10 K/min for compound 4.

The three solid lines are linear fits to the glass, transition, and SCL regions. The intersections are used to

define T+ and T−, the upper and lower temperature for transition. The midpoint of the transition is defined

as Tg,DSC = 362±4. The width of the transition is defined as ∆Tg,DSC = T+−T−, Labelled are the locations

of T+, T−, and Tg,DSC. B) Normalized thickness vs. temperature, measured by spectroscopic ellipsometry

upon cooling at a rate of 10 K/min for compound 4. The regions highlighted in red at low- and high-

temperature regions of the curve were used to determine the expansion coefficients of the glass (αGlass) and

the supercooled liquid (αSCL), respectively. The arrow indicates the location of Tg,SE = 364±1.

B. Differential Scanning Calorimetry

5-12 mg of each compound was mounted into T-zero Aluminum pans (TA instruments) and

sealed by hermetic lids (TA Instruments). The pans were loaded into a Q2000 DSC instrument

(TA Instruments). Two trials of heating (273 K to 623 K) and cooling (623 K to 273 K) ramps

were performed on each compound using 10 K/min heating/cooling rates. Figure 2A shows an
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example of the normalized heat capacity for compound 4, measured upon cooling. As shown in

this figure, the glass transition (Tg,DSC) and the width of the glass transition (∆Tg,DSC), can be

determined using the midpoint and the difference between the high- (T+) and the low-onset of

the transition (T−), respectively. The heat capacity data of all newly synthesized compounds are

shown in the SI†. The heat capacity for compounds 1, 2, 5 and 12 were previously published8. All

Tg,DSC, ∆Tg,DSC, and melting point (Tm, when melting was observed) values obtained from DSC

measurements, as well as those reported previously8 are listed in Table I.

C. Cooling Rate-Dependent Tg Measurements using Spectroscopic Ellipsometry

Compound 1-4, 8, 9, 17, and 18 were vapor-deposited as ∼200 nm films in a custom vacuum

chamber50 (base pressure 2× 10−7 Torr) for further characterization. Each powdered compound

was mounted into an aluminum oxide crucible (Kurt J. Lesker) and thermally evaporated onto

RCA-cleaned silicon (100) substrates with 1 nm native oxide (Virginia Semiconductor Inc.). The

deposition rate was kept constant at 0.2±0.03 nm/s. More details of the deposition procedure can

be found in SI† and in our earlier publications8,50. As-deposited films were first annealed on a

temperature-controlled stage (Linkam THMS600) to their corresponding Tg+20 K for 10 minutes

to erase their thermal history and produce liquid-quenched glass states upon cooling.

Dilatometry measurements were performed to characterize cooling rate-dependent Tg (CR−Tg)

values using in-situ spectroscopic ellipsometry (SE, J.A. Woollam M-2000V). The spectroscopic

wavelength range was chosen to be 550 nm< λ <1600 nm. Ellipsometric angles Ψ(λ ) and ∆(λ ),

which represent the ratio of p- and s- polarized reflection coefficients (rp/rs = tan(ψ)ei∆), were

measured as raw data. The film thickness and index of refraction was obtained by modeling the

glass thin film a transparent Cauchy layer, where the real (n) and imaginary (k) parts of the index

of refraction are defined as

n(λ ) = A+
B
λ 2 and k = 0 (1)

where A, B, and film thickness (h) are fitting parameters. This model fit the data accurately in all

compounds within the chosen wavelength range (example shown in Figure S39 of SI†. During

in-situ measurements SE was performed at a rate of approximately 1 data point every two seconds

with zone-averaging. The temperature was recorded at the end of each data point.

For dilatometry experiments, the nominal Tg,SE was obtained upon cooling at CR = 10 K/min

(example shown in Figure 2B), consistent with the cooling rates used to obtain Tg,DSC. The samples
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Compound # MW (g/mol) Tm (K) Tg,DSC ∆Tg,DSC (K) Tg,SE (K) ∆Tg,SE (K) m

1 406.53 417±18 331±18 333±1 9 99±21

2 456.59 464±18 343±18 343±1 13 71±29

3 506.65 363±5 23 363± 2 21 62±8

4 506.65 510±2 362±2 23 364±1 17 72±22

5 556.71 594±38 392± 18 1228

6 556.71 382±4 24

7 606.77 389±5 25

8 422.53 344±1 32 352±1 17 99±17

9 486.61 436±1 333±1 24 347±1 15 81±20

10 462.61 332±2 26

11 431.54 334± 2 20

12 658.84 549±28 383±18 808

13 658.84 378±4 25

14 1011.28 452±2 25

15 420.56 331±2 20

16 462.64 449± 2 310± 8 11

17 424.52 322±1 23 331±1 11 116±37

18 474.53 326±2 17 328±1 8 197±27

19 824.58 307±6 27 310±2 14

TABLE I. Numerical values of molecular weight (MW ) expressed in units of g/mol, melting point (Tm)

obtained from DSC, glass transition temperature (Tg) and the width of the transition (∆Tg) obtained from

both DSC and spectroscopic ellipsometry (SE) measurements as well as dynamical fragility (m) obtained

from SE. Horizontal lines separate various categories of compounds as color-coded in Figure 1. Values in

bold are from external references.

were then heated to their corresponding Tg,SE + 20 K at a rate of 150 K/min, and subsequently

cooled at various cooling rates ranging from CR = 150 K/min down to CR = 1 K/min. Slower

cooling rates (CR≤ 60 K/min) were generally the same as the value set by the instrument (Linkam

THMS600 stage) to within 0.5 K/min, but faster rates were not always reached due to limitations

in our cooling capacity. To eliminate errors, the actual cooling rates were calculated from the
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collected time-dependent temperature values (see Figure S40 of SI† for more details). In addition,

the fast cooling rates were not always constant over the entire cooling range. If rates calculated

over the full range were not the same as cooling rates calculated within the window of Tg,SE−10 K

to Tg,SE + 10 K, then that data point was not used. This measure generally removed 1-4 cooling

ramps from a typical data set, so there remained at least 5 data sets at various cooling rates. To

ensure the films did not change their properties over the course of the experiment, either due to

dewetting or degradation, an additional cooling ramp at the fastest rate was performed at the end

of each cycle to compare with the data obtained during the first cooling cycle.

For each SE data set, the thickness was normalized to the value of thickness at the maximum

temperature of the CR− Tg experiments. An additional correction was performed to obtain the

actual temperature of the sample during the scan as opposed to the value recorded at the end, by

averaging each temperature with the previously recorded temperature. Tg was then determined for

each cooling rate as the intersection of linear fits to the SCL and glassy regimes. An example of

normalized thickness vs. temperature for various cooling rates for compound 1 is shown in Figure

3A, after these corrections were applied. As seen in this figure, the supercooled liquid (SCL)

lines for all cooling rates overlaps well, which validates this approach. We note that despite these

measures to improve the accuracy of the data, the values of Tg at high cooling rates have larger

errors due to limited number of data points, which affects the accuracy of determining the fragility

index, m. Future experiments can use flash DSC or dielectric spectroscopy experiments, which

enable data over a much broader range of cooling rates and relaxation times.

The cooling rate at Tg is an indirect measure of the inverse of structural relaxation time, τα . A

cooling rate of 10 K/min typically corresponds to a relaxation time of τα ∼ 100 sec (CR× τα ≃

1000). As such a plot of CR vs. 1/Tg (Figure 3B) can provide an indirect measure of τα vs. 1/T

(right axis in Figure 3B)8,64,69,70. Given the limited range of CRs available in this study, the data

for various compounds can be fitted using an Arrhenius relationship (Solid lines in Figure 3B);

CR=CR0 exp(
Ea
kBT

) (2)

where CR0 is a constant, kB is the Boltzmann constant, and Ea is the apparent activation energy at

Tg. The fragility index, m , is defined at Tg as4:

lim
T→Tg

m=
d log(τ)
d(TgT )

≃ loge× Ea

kBTg,SE
(3)

The estimated values of m for various compounds are listed in Table I.
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FIG. 3. A) SE-based dilatometry measurements on compound 1 (Structure shown in the inset). Curves

show thickness vs. temperature at various cooling rates, normalized to the thickness at 358 K. B) Cooling

rate (CR) vs. 1000/Tg for compounds 1-4, 8-9, 17, and 18. The estimated τα values are shown on the right

axis. Y axis are in log scales. Lines are Arrhenius fits to the data for each compound.

Spectroscopic ellipsometry provides a rich array of other material properties. The apparent

expansion coefficients for the supercooled liquid (αSCL) and glass (αGlass) regions can be deter-

mined using the slope of thickness change with temperature in the SCL and glass states, respec-

tively (α = 1
h
dh
dT ), in regions highlighted in Figure 2B. These values were obtained by averaging

the data over the same range at various slow cooling rates (CR ≤ 10 K/min), where the data is

more accurate given the large number of collected data points and our improved ability to main-

tain a constant cooling rate. It is important to note that while this equation is accurate for the SCL

regime, where the system is locally at equilibrium, the stresses produced due to the mismatch be-

tween the expansion coefficients of the glass film and silicon substrate upon cooling, can result in

a discrepancy between the apparent values of αGlass and its true values71. As such, the measured

values are likely smaller than the true expansion coefficients of the bulk glass states64. Indices of

refraction of the glass (nGlass) and SCL (nSCL) states were also determined from SE experiments
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Compound # nSCL nGlass αSCL (10−4K−1) αGlass (10−4K−1)

1 1.706 1.712 5.81±0.07 1.84E±0.04

2 1.722 1.728 5.60±0.07 1.57±0.0

3 1.726 1.730 5.45±0.05 1.38E±0.01

4 1.730 1.735 5.63±0.03 1.34±0.04

5 1.756 1.760 4.02±0.208 1.35±0.038

8 1.712 1.715 5.76±0.07 1.17±0.09

9 1.724 1.728 5.42±0.07 1.48±0.04

12 5.30±0.108 1.38±0.028

17 1.694 1.697 5.5±0.1 1.50±0.04

18 1.656 1.661 6.0±0.3 2.25± 0.07

19 1.545 1.551 7.46±0.4 2.5± 0.09

TABLE II. Calculated values of indices of refraction (n, at λ = 632.8 nm) and expansion coefficients (α)

for the supercooled liquid and glass states of various compounds. The typical error in determining n is δn=

0.005 based on the instrumental and reproducibility errors of SE experiments. Horizontal lines separate

various categories of compounds as color-coded in Figure 1. Values in bold are from external references.

using equation 1, at Tg,DSC−10 K and Tg,DSC+10 K, respectively. All values of n are reported at

a wavelength of λ = 632.8 nm. The corresponding values at other wavelengths can be calculated

using equation 1 and the A and B values obtained from the ellipsometry fitting for each compound

at each temperature. These data are reported in Table II.
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III. RESULTS AND DISCUSSION

A. Glass Transition Temperature and Fragility

FIG. 4. A) A log-log plot of Tg,DSC (filled circles) and Tg,SE (open squares) vs. MW for the library of

compounds shown in Figure 1. The solid black line represents a power-law fitting with an exponent of

ν = 0.3±0.1. The fit excludes Tg values for alkyl and fluoroalkyl containing compounds (15-20, blue data

points). The vertical bars in this plot represent the width of the Tg transition (∆Tg). Error bars based on

repeated measurements (listed in Table I) are smaller than the symbol size and are not shown. B) Dynamic

fragility index (m) vs. MW for various compounds, obtained from CR− Tg experiments. The values for

compounds 5 and 12 are obtained from reference8. C) Fragility index (m) vs. the product of Tg,DSC and

the expansion of the glassy line (αGlass). The color coding in all figures based on categories of compounds

shown in Figure 1.
11



Figure 4A shows Tg vs. molecular weight (MW ) for all compounds (values listed in table I).

We note that the molecular weight values here are expressed in units of g/mol, or molar mass, for

simplicity and ease of comparison with polymeric systems. The Tg values of these compounds

span a range of ∼ 150 K, starting from just above room temperature up to ∼ 450 K. Within this

range, a strong positive correlation is observed between Tg and MW , With the exception alkyl

(compounds 16 and 15) or fluoroalkyl (compounds 17-19) containing compounds. Within the

scatter of the data, the relationship between Tg and MW follows a power-law dependence (Tg ∝

Mν ), with ν = 0.3± 0.1. These results are consistent with previous experimental and theoretical

predictions of 0.3< ν < 0.55–7,10,12–16.

FIG. 5. Tg versus MW data from this work (color-coded according to Figure 1) and work from Novikov,

and Rössler10 (grey data points) showing that within the scatter, a power-law relationship is observed over a

wide variety of organic glass-formers and wide range of Tg values (60-475 K). The black solid line is fit to

the Tg values from this work (ν = 0.3±0.1) and the grey solid line (ν = 0.51) is the exponent fit extracted

from Figure 1 in reference10 using WebPlotDigitizer72.

Figure 5 plots this data along with an expansive set of data previously reported by Novikov

and Rössler10, with Tg values ranging from 80 K to 450 K and a power-law exponent of 0.51.

While the Tg values in this study are generally higher than the average values at the same MW and

show a smaller power-law exponent, our data generally falls within the range of the scatter of this

plot. Given that we study a homologous set of molecules, a stronger correlation is not surprising,

as previous measurements have indicated even higher exponents may be observed when strongly

interacting substituents are systematically included13.
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Despite the strong positive correlation of Tg withMW , this correlation is not perfect. For exam-

ple, when compounds 2, 10 and 16 with similar molecular weights are compared, their Tg values

can differ by up to 30 K, which is slightly above the breadth of the glass transition within a single

compound (typically 10− 25 K as seen in Table I). While these variations are still within the

overall Tg scatter observed previously (Figure 5), they can provide a window into understanding

the role of structural details and inter-molecular interactions in glass transitions. For example,

compound pairs 5/6 and 12/13 have slightly different Tg values despite having the same molecu-

lar weight. The low Tg in compounds 6 and 13 relative to their respective isomers may be either

the result of decreased intra-molecular barriers of rotation of their substituents, or increased π-π

stacking as a result of this flexibility. This observation that β substituents can lower Tg is consis-

tent with those observed in tris(naphthyl)benzene isomers19,20 and their stable glasses73. Future

measurements of the entropy and enthalpy of these compounds as well as detailed studies of their

structure and relaxation dynamics can better elucidate the origins of these effects.

Inter-molecular interactions and packing structure can also affect the details of the glass tran-

sition. The addition of a hydroxyl group in 8, increases its Tg compared to 15 and 1 with similar

structures (Table I), and beyond compounds 2, 9-11, and 15-19 all of which have higher molecular

weights. The addition of the hydroxyl group appears to have stronger effects on Tg than the nitrile

(11) or thiophene (10). This is likely due to intramolecular hydrogen bonding, though investiga-

tion of further compounds can confirm this. In contrast, the addition of ethyl substituents (15 and

16) or methoxy (9) groups results in a dramatic reduction in Tg. Similarly, both compounds 9 and

10 have lower Tg values than compound 2, which is not immediately obvious. To understand the

origins of these effects, a more focused structure/activity relation study will be necessary. Both

intra- and inter-molecular interactions can play a role in the properties of these two compounds,

as various isomers of both 9 and 10 may also have differing Tg values. The most notable effect is

observed by the addition of alkyl and fluoro-alkyl groups (compounds 15-19), where increasing

the number of alkyl or fluorine atoms, and thus MW , decreases the Tg. More detailed discussions

on these observations are provided in section III D.

Figure 4B shows the dynamic fragility index (m) for a subset of the compounds in the library,

for whichCR−Tg experiments were performed (data shown in Table I). There is no apparent sys-

tematic dependence of fragility on MW or on structural motifs, with the exception of fluoroalkyl

containing molecules (17 and 18, and potentially alkyl containing molecules27,28 for which we

don’t have collected SE data). This is in contrast to previous work suggesting the existence of a
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measurable correlation between fragility and molecular weight or Tg8,39,74,75. The data is also not

fully consistent with the suggestion that the number of rotatable bonds in a compound can affect

m76. For example, a clear difference between isomers of 3/4 or heteroatom substituted derivatives

8/17 is not observed here. A simple product of Tg and expansion coefficient as it has been previ-

ously suggested40,41 is not a great predictor of m either (Figure 4C). Some theories of dynamical

relaxations in deeply supercooled liquids have indeed suggested that MW is not a strong factor in

determining m, and instead one should expect a stronger correlation with thermodynamical quan-

tities such as entropy and enthalpy, cohesive energy, and density15,17,77. Future measurements of

heat capacity, enthalpy and entropy, dielectric relaxation, density, and pressure dependence of Tg

can elucidate the role of these factors.

B. Index of Refraction

FIG. 6. Index of refraction, calculated at a wavelength of λ = 632.8 nm vs. MW for compounds 1, 2-4, 8,

9, and 17-19. Filled and open symbols show nGlass and nSCL measured at Tg,DSC−10 K and Tg,DSC+10 K,

respectively. Error bars are smaller than the symbol size. The X−axis is shown in log scale for clarity.
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FIG. 7. The correlation plot between Tg,DSC and n2G−1
n2G+2 where nG is the index of refraction of the glass

calculated at a wavelength of λ = 632.8 nm. From equation 4, the x-axis is proportional to the product of

density (ρ) and the polarizability (µ).

Figure 6 shows indices of refraction of the and glass (nGlass), calculated at Tg,SE − 10 K, and

the supercooled liquid (nSCL), calculated at Tg,SE +10 K, respectively. Overall, there is a positive

trend of increasing n with increasing molecular weight, with the exception of fluorinated com-

pounds (17-19), which show a surprisingly strong negative trend. We note that while a similar

behavior is likely in alkyl containing molecules, we do not have SE data for these molecules. The

positive trend in n is consistent with previous empirical observations78. To better understand the

origin of these trends, we note that the index of refraction in transparent materials, depends on the

polarizability of the molecule (µ) as well as density (ρ) through the Lorentz-Lorenz79 equation:

n2−1
n2+2

=
µρ

3ε0MW
(4)

where ε0 is the permittivity of the free space. As such, the increasing value of n in compounds

1-5, 8, and 9 can be a sign of either increasing density with molecular weight, or increasing

polarizability in these conjugated π systems. To provide an estimate of the magnitude of these

effects, we note that the difference in n between the SCL to glass states of these molecules is 0.03-

0.06 (Table II), while the corresponding density change between these two states is estimated to be

1%, based on thickness variation through the transition (see Figure 3 for example). As such, if the

observed effects are purely due to the density variations, compounds 5 and 1 would have to have

densities that differ by ∼10-15%. This sets the upper bound for the density variations in these

compounds. It is however important to note that increasing conjugation will likely also increase
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µ in these compounds. As such, the actual extent of density variations are expected to be much

smaller than this upper bound.

This increase in density with MW also means that Tg is correlated with ρ , as has been pre-

dicted in some theories of glass transition15,17. Figure 7 shows the correlation between Tg and

the Lorentz-Lorenz expression, indicating a strong correlation for these compounds. Interest-

ingly, a weak, but positive correlation is also observed for fluorinated compounds 17-19. In these

molecules, the Lorentz-Lorenz expression predicts a decrease in the density with increasing the

length of perfluoroalkyl chains (increasing MW ), in particular for compound 19. However, the Tg
of these compounds decreases rather modestly in comparison. The strong change in the slope of

the correlation plot, compared to compounds that do not contain fluorine atoms can be explained

by the strong effect of fluorine on the polarizability, µ . Coarse grained computer simulations have

shown that in compound 19 the fluorinated alkyl chains leads to micro-phase separation of these

domains from the bulky head groups53, which can explain the strong change in the density of the

system due to packing frustrations, while the bulky domains contribute more strongly to the glass

transition (more discussions in section III D). Previous studies in ionic liquids have also indicated a

trend of increasing micro-phase separation with increasing alkyl chain length, separating the polar

and non-polar domians, consistent with observations in fluoroalkyl containing molecules27,28.

C. Thermal Expansion Coefficients

Figures 8A and 8B show the apparent thermal expansion coefficients of the glass (αGlass) and

supercooled liquid (αSCL) states, respectively. The trends of αGlass and αSCL appear to be in the op-

posite direction of trends in n, decreasing withMW for most compounds except for the fluorinated

series (17-19). A notable exception is the apparent αGlass for compound 8, which is a hydroxyl

containing molecule. In contrast to n, which continues to increase with MW , the expansion coeffi-

cients appear to reach a plateau whenMW ≥ 500 g/mol. To understand this behavior, we note that

the thermal expansion coefficient is a measure of the anharmonicity of the inter-molecular inter-

action potential42. Both increasing density and strong π-interactions can result in more harmonic

local potentials. However, given the amorphous nature of these systems, non-zero anharmonicity

is expected to persist even at high densities, explaining the plateau in values.
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FIG. 8. A) Thermal expansion coefficient of the glass (αGlass) vs. MW for compounds 1-5, 4, 8, 9, 12, 17-

19. B) Thermal expansion coefficient of the supercooled liquid (αSCL) vs. MW for compounds 1-4, 8, 9,

17-19. The X-axis in both figures is shown on log scale for better clarity. The values for compounds 5 and

12 are obtained from reference8.

D. Alkyl and Fluoroalkyl Containing Compounds

Compounds highlighted by blue in Figure 1 (15-19) generally show an opposite property depen-

dence to MW compared to other compounds studied here. In particular, fluorinated and alkylated

compounds generally show decreasing Tg (Figure 4A), increasing fragility (Figure 4B), decreas-

ing n (Figure 6), and increasing expansion coefficients (Figure 8), upon increasing the fluoroalkyl

chain length (and thus MW ). Fluorine atoms are strongly electronegative, which can lead to lower

dielectric constant, and therefore lower polarizability, as well as decreased packing efficiency,

which eventually leads to micro-phase separation when the fluoroalkyl chain size is increased53.

The lower packing efficiency can explain the decreased density and increased anharmonicity (and
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thus expansion coefficients) as well as the increased fragility in these systems, all of which are

expected to affect Tg. The low value of the dielectric constant of fluorine-containing materials

(and thus polarizability) can also further affect the index of refraction, and the Lorentz-Lorenz

expression (Figure 7).

These observations are consistent with the lower Tg values often observed in fluoropolymers

compared to their non-fluorinated counterparts. However, the addition of fluroalkyl groups has

also been observed to increase Tg in some systems80,81, as the details of packing may highly

depend on the structure of the molecule/polymer of interest. It is also worth noting that while we

did not systematically explore the role of increased alkyl chain length on the packing in this study,

long aliphatic chains can also disturb the packing, decrease Tg82–86, and increase fragility87 by

spreading the molecules further apart. Extremely long side chains may become sufficiently ordered

as to result in micro-phase separation and crystallization. We have coarse grained simulation data

indicating that a micro-phase separation as opposed to crystallization is likely in 1953, which is

consistent with the generation of packing frustration by fluoroalkyl or alkyl chains. Furthermore,

compounds 15 and 16, also show surprisingly low Tg values, consistent with this explanation. As

such, the origin of the behavior of fluoroalkyl containing molecules may in fact be independent

of their fluorine content and more dependent on the presence of long chains that can disrupt the

packing, analogous to observations in ionic liquids27,28.

Investigation of other non-polar molecules containing long alkyl chains or addition of multiple

chains on the same molecule, may help elucidate the origin of this behavior. It is not clear how the

micro-phase separation affects the observed properties, given that it has been only produced in 19.

Future experiments can explore such effects by including fluoroalkyl groups of various lengths,

making fluoro-containing dimers analogous to series 12-14, or including fluorophenyl benzene

substituents in the structure. Direct measurements of structure, density, and entropy/enthalpy of

these compounds can help determine the role of density vs. other factors in these observations.

IV. SUMMARY AND CONCLUSIONS

This study considered a library of similar organic glassformers to probe the influence of struc-

tural variations on the glass transition properties. This library of compounds span a broad range

of molecular weights and Tg values from room temperature to 450 K. The Tg, index of refraction,

and expansion coefficients were observed to correlate with MW , while fragility was relatively in-
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dependent of MW , spanning a range of 50-200. However, molecular level interactions as well as

intra-molecular degrees of freedom were also seen to affect thermal properties for molecules with

similar molecular weights. The synthesis technique used in this study, enables a systematic and

detailed studies of such effects. The synthesis approach provided here can enable further studies

of the effect of molecular structure on glass transition physics, beyond simple considerations of

inter-molecular interactions that are often studied in computer simulations. Studies of the struc-

ture, relaxation dynamics, and entropy/enthalpy of these systems, as inter- and intra-molecular

interactions are varied, can further illuminate structure/property relationships that can be used to

compare with theoretical predictions15,17. Across all properties, the presence of alkyl and fluo-

roalkyl motifs created strong deviations from otherwise observed properties, decreasing Tg with

increasing chain size and number of chains, increasing fragility, and increasing the expansion co-

efficients. Most of these effects can be attributed to the density and packing of the molecules,

which are indirectly probed through the index of refraction. While more extensive studies of

thermal and structural properties can provide a more detailed picture, the two simple characteriza-

tion techniques, calorimetry and spectroscopic ellipsometry, can be employed as high-throughput

screening methods to quickly identify molecules of interest. The data generated here is added to

a new database88, which is publicly available and will be expanded in the future by us and the

research community to enable development of structure/property relationships in high molecular

weight glassformers.

V. SUPPLEMENTARYMATERIAL

See supplementary material for details of synthesis and characterization, as well as details

of DSC and ellipsometric measurements. A correlation plot is included comparing Tg values of

compounds in this study with those reported by Novikov and Rössler10.
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