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ABSTRACT

Recent work has shown that diffusion and crystal growth can be much faster on the surface of molecular glasses than in the
interior and that the enhancement effect varies with molecular size and intermolecular hydrogen bonds (HBs). In a related phe-
nomenon, some molecules form highly stable glasses when vapor-deposited, while others (notably those forming extensive HBs)
do not. Here we examine all available data on these phenomena for quantitative structure-property relations. For the systems
that form no HBs, the surface diffusion coefficient Ds decreases with increasing molecular size d (d = 0l/3 where Q is the molec-
ular volume); when evaluated at the glass transition temperature Tg, Ds decreases ~5 orders of magnitude for 1 nm of increase
in d. Assuming that center-of-mass diffusion is limited by the deepest part of the molecule in the surface-mobility gradient,
these data indicate a mobility gradient in reasonable agreement with the Elastically Collective Nonlinear Langevin Equation the-
ory prediction for polystyrene as disjointed Kuhn monomers. For systems of similar d, the Ds value decreases with the extent
of intermolecular HB, x (HB), defined as the fraction of vaporization enthalpy due to HB. For both groups together (hydrogen-
bonded and otherwise), the Dg data collapse when plotted against d/[1 — x(HB)]; this argues that the HB effect on Ds can be
described as a narrowing of the surface mobility layer by a factor [1 — x(HB)] relative to the van der Waals systems. Essentially the
same picture holds for the surface crystal growth rate us. The kinetic stability of a vapor-deposited glass decreases with x(HB)
but is not better organized by the combined variable d/[1 — x(HB)]. These results indicate that surface crystal growth depends
strongly on surface diffusion, whereas the formation of stable glasses by vapor deposition may depend on other factors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5079441

INTRODUCTION driven to crystallize and to age toward the equilibrium liquid

h Itering their physical ies. Th
Glasses are amorphous solids produced by cooling liq- state, both processes altering their physical properties. Thus a

uids, condensing vapors, or evaporating solutions while
preventing crystallization. Glasses combine crystal-like
mechanical strength and liquid-like spatial uniformity, having
many important applications in modern technologies. Being
out-of-equilibrium materials, glasses are thermodynamically

key issue in glass science is to understand and control physical
stability.

Recent work has shown that the physical stability of
molecular glasses is closely related to the molecular mobil-
ity at the free surface. Surface molecules can diffuse up to
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8 orders of magnitude faster than bulk molecules when
compared at the glass transition temperature Tg.'"® Surface
mobility has been linked to two different aspects of glass sta-
bility. First, fast surface diffusion is responsible for fast surface
crystal growth in many organic glasses.”"'° For these systems,
the surface crystal growth rate is nearly proportional to the
surface diffusion coefficient.® A second consequence of sur-
face mobility is the ability to prepare highly stable glasses
by vapor deposition.'! Deposition under suitable conditions
can prepare glasses with extremely low energy, high density,
and high resistance to thermal transformation; these prop-
erties would be expected for ordinary liquid-cooled glasses
that have been aged for thousands of years. During deposi-
tion, surface molecules can utilize high mobility to find opti-
mal packing before they are buried by the later-depositing
molecules. Among other observations, the connection with
surface mobility is supported by observations of increased
stability at lower deposition rates.’? Molecular systems with
fast surface diffusion are generally able to form highly stable
glasses by vapor deposition.! 1514

While early work identified many systems that simul-
taneously exhibit high surface mobility, fast surface crystal
growth, and ability to form stable glasses by vapor deposi-
tion, further studies of more diverse systems found that these
surface-facilitated processes can depend strongly on molec-
ular properties, in particular, molecular size and intermolec-
ular hydrogen bonds (HBs). For molecules that do not form
HBs [e.g., ortho-terphenyl (OTP), tris-naphthyl benzene (TNB),
and polystyrene (PS) oligomers, see Scheme 1], surface diffu-
sion systematically slows down by 5 orders of magnitude with
increasing molecular size."*'5 For molecules of similar sizes,
increasing intermolecular HBs also reduces surface mobility.
For example, OTP and sorbitol have similar sizes, but the sur-
face diffusion of sorbitol is at least 10° times slower at Tg.'®
In vapor deposition, molecules forming extensive intermolec-
ular HBs (e.g., polyalcohols) have been observed to produce
glasses of lower kinetic stability than non-hydrogen-bonding
molecules at the same deposition rate!” and require slower
deposition in order to attain the same stability.'®

Qualitative explanations have been proposed for the
molecular dependence of surface mobility.’>1¢ The size effect
is attributed to a steep gradient of mobility beneath the free
surface and the deeper penetration of a larger molecule into
that gradient. This anchoring effect would lead to slower
center-of-mass diffusion even though the top portion of the
molecule is in a more mobile environment. The effect of HBs
on surface diffusion is attributed to the robustness of HBs in
surface layers, which makes the barrier for diffusion largely
the same on the surface as in the bulk.’® This too would lead
to slower surface diffusion.

The goal of this work is to provide a quantitative test of
the qualitative ideas described above using all available data
in the literature. We show that for systems that form no HBs,
the surface diffusion coefficient Ds at Ty decreases smoothly
with increasing molecular size d (defined as the cube root of
the molecular volume), at a rate of ~5 orders of magnitude
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SCHEME 1. Structures of the molecules discussed in this work. They are sepa-
rated into hydrogen bonding and non-hydrogen bonding. APAP: acetaminophen;
CBZ: carbamazepine; NIF: nifedipine; FEL: felodipine; IMC: indomethacin; OTP:
ortho-terphenyl; GSF: griseofulvin; TNB: tris-naphthyl benzene; TPD: N, N’-Bis(3-
methylphenyl)-N, N’-diphenylbenzidine; ITZ: itraconazole; and PS: polystyrene.

per nm. Assuming that the apparent Ds reports the mobility
of the deepest part of the molecule, the observed mobility
gradient is in good agreement with the Elastically Collective
Nonlinear Langevin Equation (ECNLE) theory prediction for
polystyrene.'® For systems of similar d, Dy decreases with
the extent of intermolecular HB, x(HB), defined as the frac-
tion of vaporization enthalpy due to HB. For both groups
together (hydrogen-bonded or otherwise), the Ds data col-
lapse when plotted against d/[1 — x(HB)], suggesting that
the HB effect on Ds can be described as a narrowing of
the surface mobility layer by a factor [1 — x(HB)]. These
results support and give precision to the qualitative mod-
els proposed earlier. We also show that this two-parameter
scheme involving d and x(HB) can help understand surface
crystal growth rates and the stability of vapor-deposited
glasses.

J. Chem. Phys. 150, 024502 (2019); doi: 10.1063/1.5079441
Published under license by AIP Publishing

150, 024502-2


https://scitation.org/journal/jcp

The Journal of

Chemical Physics

EXPERIMENTAL METHODS

In addition to literature data, surface crystal growth rates
were measured for two additional systems, acetaminophen

ARTICLE scitation.org/journalljcp

TABLE |. Extents of hydrogen bonding in molecular liquids calculated with a
replacement method.

Hyap (kI /mol),

(APAP) and itraconazole (ITZ), to extend the available data to Huap (kJ/mol) homomorph X(HB)
higher hydrogen bonding extent and larger mplecular s.ize. Ethanol 417 17.0 (propane) 0.59
APAP (purity > 99%) was purchased from Sigma-Aldrich, 1-propanol 46.4 217 (butane) 053
and ITZ (purity > 98%) was purchased from Alfa Aesar. To Ethylene glycol 68.2 21.7 (butane) 0.68
prepare a sample for surface crystal growth measurement, 1,2-propanediol 58.8 26.4 (isopentane) 0.55
~5 mg of the crystalline substance was melted on a clean  Benzyl alcohol 65.1 40.5 (ethylbenzene) ~ 0.38
square coverslip at 5 K above its melting point and cov- i;icgyl—hexanol 32'8 452 (3—eté12116heptane) 822
ered with a smaller round coverslip (typically 15 mm in CBZ 103 941 0.089
diameter). The assembly was cooled to below Tg by con- NIF 134 125 0.065
tact with a metal block pre-equilibrated at room tempera- FEL 135 129 0.043
ture. The square coverslip was detached by bending its edges Triazine Et 139 125 0.10
away from the organic glass, creating a glass film 10-100 ym  Triazine OMe 140 126 0.10
thick with a free surface. Surface crystallization was initi-  L1azine NHMe 147 125 0.15

. . . . . IMC 159 136 0.14
ated by seeding with the as-received crystalline m.aterlal: The Sorbitol 157 50.2 0.62
rate of crystal growth was measured through a light micro- Salicin 183 95.6 0.48
scope (Olympus BX3-URA) at a constant temperature main- Maltitol 262 109 0.58
tained by a Linkam stage (THMS 600E) or a custom-built
mini-oven. The samples were purged with dry N, during mea-
surement. To prepare a sample for crystal growth measure- %(HB) = AHyap(HB)/AHyap, 1)

ment in the bulk, the same sample preparation procedure
was applied except that the top coverslip was not removed.
Crystal growth in the bulk was initiated by seeding on the
exposed edge of the sample between coverslips. Polymorphs
were identified by X-ray powder diffraction (Bruker D8
Advance).

RESULTS AND DISCUSSION

Extent of intermolecular HB from vaporization
enthalpies

To measure the extent of intermolecular HBs in a liquid,
we introduce the following quantity:

where AHyap is the vaporization enthalpy and AHyap(HB) is
the portion of AHy,p attributed to HBs. Following Bondi,?°
AHyap(HB) is calculated by a “replacement method,”

AHyap(HB) = AHyap — AHyap', @)

where AHyap* is the AHyyp of a “homomorph” in which the
HB functional group is replaced by a non-hydrogen bonding
group. For an alcohol, for example, the hydroxyl group OH is
replaced by the methyl group CHs, on the basis that the two
functional groups make similar contributions to the dispersion
energy. It was found that the increment AHy,p(HB) is nearly
constant for monoalcohols of different carbon numbers,

TABLE II. Surface diffusion coefficients Ds of molecular glasses along with their molecular weights, extents of hydrogen bonding, densities, and molecular sizes.

M Tg patTg ) d log Ds at Tg Ds
(g/mol) (K) (g/cm3) (References) (nm) x(HB) (m? /s) (References)

OTP 230.3 246 112 28 0.70 0 —11.9 1
GSF 352.8 361 1.35 29 0.76 0 —12.4 6
TNB 456.6 347 115 30 0.87 0 —13.3 4
TPD 516.7 330 1.19 5 0.90 0 —14.2 5
PS1100 990 307 1.03 31 117 0 —15.3 15
PS1700 1600 319 1.03 31 1.37 0 —16.0 15
PS2400 2264 337 1.03 31 1.54 0 —16.0 32
PS3000 2752 343 1.03 31 1.64 0 —16.3 33
NIF 346.3 315 1.36 34 0.75 0.065 —13.7 3
IMC 357.8 315 1.34 35 0.76 0.14 —14.0 2
Triazine Et 3475 314 1.07° . 0.81 0.10 —14.4 36
Triazine OMe 349.4 330 1.07¢ 23 0.82 0.10 —14.0 36
Triazine NHMe 348.5 360 1.07¢ .. 0.81 0.15 —15.6 (ub)” 36
Sorbitol 182.2 269 1.47 37 0.59 0.62 —16.4 (ub)” 16
Maltitol 344.3 317 1.51 37 0.72 0.58 —16.4 (ub)" 16

aEstimated as 95% of crystal density. Triazine OMe crystal density is from Ref. 23; the same value is assumed for triazine Et and NHMe.
byb: upper bound.
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indicating that each OH makes a similar contribution to
AHyp.29 For non-hydroxyl groups, we use the following
replacement scheme: ~-COOH (carboxylic acid) by ~-CO-CHjs
(ketone), -NH, (primary amine) by -CH3, -NH- (secondary
amine) by -CHy-, ~-CO-NH; (primary amide) by -CO-CHj
(ketone), and ~-CO-NH- (secondary amide) by ~-CO-CH;-.

Some AHy,p values necessary for computing x(HB) are
reported?’ but not all. For consistency, we use the group
additivity method of Chickos et al. to calculate all AHy,p val-
ues.?? Chickos et al. calibrated their method on a total of 147
experimental AHy,, values, reproducing the values within 5%
(comparable to the measurement error). For each liquid of
this study, the method calculates AHy,p, at 298 K in units of
kcal /mol as follows:

AHygp = 1120 +0.71+ 3 Fib; +C, 3)

where n. is the number of carbon atoms in the molecule and
the numbers 1.12 and 0.71 both carry the unit kcal /mol. The
term Fib; is the contribution of a given functional group 1
to the total AHyap, with b; being its characteristic enthalpy
increment and F; being a weighting factor dependent on
its location in the molecule. For example, for an OH group
in an alcohol, b = 7.02 kcal/mol and F = 1.62 for the OH
in 1-propanol and 0.60 for the OH in 2-propanol. The C
term in Eq. (3) contains corrections for the branching of a
carbon chain, intramolecular hydrogen bonding, and other
effects.

Table I shows the results of this calculation for the sys-
tems discussed in this work (n¢, £Fib;, and C are listed in
Table S1 in supplementary material). For non-HB systems
(excluded from Table I), x(HB) = 0, whereas the polyalco-
hol sorbitol has a high x(HB) of 0.62. In the three triazine
molecules studied here (Et, OMe, and NHMe, see Scheme 1),
the NH group of one molecule is hydrogen-bonded to a tri-
azine nitrogen of another.?* At present, the method of Chickos
et al. provides no b values for this type of HB. We have esti-
mated this b value to be 7 kI/mol from the difference in
AHy,p between 2-methylaminopyridine and ethyl benzene.?!
In addition, we assume that each tertiary ring nitrogen in CBZ
and IMC makes the same contribution to AHy,p as a CH group
at the same location.

Effects of molecular size and intermolecular HB
on surface diffusion, surface crystal growth,
and stability of vapor-deposited glasses

Table II shows the surface diffusion coefficients Dg of
molecular glasses along with other relevant properties. The
molecular size d is calculated from d = Q3 = [M/(oNa)]V/3,
where Q is the molecular volume, M is the molecular weight,
p is the density at Tg, and N, is the Avogadro’s constant.
For comparison of different systems, the Dy values are given
at Tg where different molecular glasses have similar bulk
mobility. Note that the Ds values at Ty span approximately 5
orders of magnitude. This contrasts with the smaller range
for the bulk diffusion coefficients Dy at Tg; for the available
data (OTP, TNB, IMC, and 1.9 kg/mol PS),?427 the average

ARTICLE scitation.org/journalljcp

Dy at Ty is 1072° m?/s with a standard deviation of 0.6
decade.

In Fig. 1(a), the Dg value at Ty is plotted against d. As a
single group, the Dg values show no strong correlation with d,
but a clear correlation is seen for the non-hydrogen-bonding
group (x(HB) = 0). For this group, Ds smoothly decreases with

-11 T T T
® HB (hydrogen-bonding)
12 t O non-HB (non-hydrogen- |
~ bonding)
&
E
l\m
®
2
Q
=)
o
a:
2 25

log Ds at T (m?%/s)

0.8 1
12 c
Y
N
E 13t ® HB
> O non-HB
s 14
Qw 15
g o
- [ )
-16 | ub Q
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17 L L u. L
0 0.5 1 1.5 2 2.5

dl[1 - x (HB)]

FIG. 1. Surface diffusion coefficient Ds at Ty plotted as a function of (a) d, (b)
x(HB), and (c) d/[1 — x(HB)]. “ub” stands for “upper bound” (see Table Il). The
curves are guide to the eye.
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increasing d, insensitive to the details of the molecular struc-
tures (Scheme 1). This indicates that molecular size has a con-
trolling effect on surface diffusion in the absence of HBs; we
will discuss this result shortly. For the HB group, Ds is sub-
stantially smaller than that for the non-HB group at the same
d, indicating that hydrogen bonding is an independent factor
controlling Ds. For some systems in this figure, surface dif-
fusion was too slow to be measured using the surface-grating
method and only upper bounds have been reported for Dg.' 636
These are indicated as “ub” in Fig. 1. The actual Ds values are
expected to be smaller than these upper bounds but larger
than the bulk diffusivity Dy.

In Fig. 1(b), the Ds value at Tg is plotted against x(HB). If
we consider the smaller molecules (solid symbols) separately
from the PS oligomers (open symbols), we see a broad trend
of Ds decreasing with increasing x(HB). There is a wide scatter
of data points at x(HB) = 0, reflecting the molecular size effect
on Ds for the non-HB group (OTP, GSF, TNB, and TPD). The
PS oligomers are outliers to the trend for the small molecules,
again indicating an independent effect of molecular size on
surface diffusion.

Although neither d nor x(HB) alone can organize all the
data, we find that all the data collapse to a common trend
when plotted against the combined variable d/[1 — x(HB)].
This is seen in Fig. 1(c). This result suggests that the effect
of HBs can be understood as a modification of the surface-
mobility gradient in a van der Waals system, as we discuss
below.

For van der Waals glass-formers (no HBs), we attribute
the dependence of Ds on molecular size d [Fig. 1(a), open sym-
bols] to the presence of a steep mobility gradient beneath the
free surface and to the deeper penetration of a larger molecule
into that gradient.'> Building on this idea, we make a quan-
titative estimate of the mobility gradient from the available
Ds data. The mobility gradient can be expressed as a local
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FIG. 2. Surface-mobility gradients in molecular glasses at T4. The solid circles are
the local relaxation times calculated from the surface diffusion coefficients of van
der Waals glass-formers (e.g., OTP and TNB) assuming that the deepest, least-
mobile part of the molecule determines its center-of-mass diffusion. The effect of
HBs is to increase the slope of the gradient by a factor of 1/[1 — x(HB)].

relaxation time as a function of depth z, t4(z). Assuming that
the deepest, least-mobile part of the molecule determines its
center-of-mass diffusion, we can write D = d? /[41,(z = d)],
where d is the molecular diameter. This yields an equation for
estimating t, at the depth z = d, namely, t,(z = d) = d?/(4Dy).
Figure 2 (solid symbols) shows the result of this calculation
using all available Dy data on van der Waals glass-formers eval-
uated at Tg. To be specific, we use the Ty onset during heating
detected by DSC at 10 K/min after cooling at 10 K/min; at this
Tg, the bulk relaxation time 1, is approximately 10 s. Figure 2
shows that 1, increases smoothly with depth z, tending toward
the bulk value t, ~ 10 s. This smooth increase in t, with z,

TABLE III. Surface crystal growth rates us of molecular glasses along with their molecular weights, extents of hydrogen bonding, densities, and calculated molecular sizes.

M Ty patTg P d x logus at Tg Us
(g/mol) (K) (g/cm3) (References) (nm) (HB) (m/s) (References)

OTP 230.3 246 112 28 0.70 0 —6.8 41
GSF 352.8 361 1.35 29 0.76 0 —7.6 (1) 8
TNB 456.6 347 115 30 0.87 0 —8.5 4
ITZ 705.6 328 1.27 42 0.97 0 —9.6 (1) This work
APAP 151.2 294 1.22 43 0.59 0.46 —8.1(I) 44, this work
CBZ 236.3 319 114 45 0.70 0.089 —8.2(IV)° 45,at Tg — 6K
NIF 346.3 315 1.36 34 0.75 0.065 —8.2(B) 9
FEL 384.3 316.5 1.33 46 0.78 0.043 —8.0(I) 47
IMC 357.8 315 1.34 35 0.76 0.14 —8.8 (e and y) 10
Salicin 286.3 332 1.34¢ 48 0.71 0.48 —10.0 44
Maltitol 344.3 317 1.51 37 0.72 0.58 —12.4 (ub)‘ 16

aSymbols in parentheses indicate the polymorphs.

bFor CBZ, the fastest us is provided (polymorph IV); for other polymorphs, logus (m/s) = —8.8 (1), —8.7(I11).*>

€p of the glass is estimated as 95% of the crystal density.
dub: upper bound.
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regardless of the exact molecular structure, argues that the
van der Waals glass-formers have a similar surface mobility
gradient when compared at Tg. The initial loss of mobility with
depth is quite steep and quasi-exponential, roughly given by
dlogt,/dz ~ 7/nm. This mobility gradient agrees reasonably
well with that predicted by the Elastically Collective Nonlinear
Langevin Equation (ECNLE).'® According to this theory, a sur-
face molecule is more mobile than a bulk molecule because
it has fewer neighbors and lower elastic penalty for rear-
rangement. ECNLE predicts approximately the same gradient
as shown in Fig. 2 for a polystyrene (PS) melt near Tg with-
out chain connectivity (disjointed Kuhn spheres).'® Within this
theory, the prediction for PS is expected to represent a wide
class of van der Waals glass-formers like OTP and TNB.'® This
agreement between the experiment and theory provides sup-
port for our interpretation of the molecular-size effect on
surface diffusion.

In Fig. 2, we indicate how introducing HBs might modify
the mobility gradient in a van der Waals system. We suggest
that HBs increase the steepness of the gradient or equivalently
reduce its thickness. Simulations have shown that in water,
surface and bulk molecules have similar diffusion rates,®
likely a consequence of the preservation of HBs (each molecule
has 3.2 HBs on the surface vs. 3.8 in the bulk).*® This is in sharp
contrast to a Lennard-Jones liquid in which a surface particle
has about half as many nearest neighbors compared to a bulk
particle and as a result faster lateral diffusion.>°#° We imag-
ine a similar situation for hydrogen-bonded molecular glasses:
each surface molecule has nearly the same number of HBs as
a bulk molecule and therefore has lower mobility when com-
pared to a surface particle in a van der Waals system. In Fig. 2,
we illustrate the effect of HBs using a tilted line relative to the
points for the van der Waals systems; introducing HBs would
increase the steepness of the mobility gradient and reduce its
thickness. The fact that the Dg data collapse on the combined
variable d/[1 — x(HB)] suggests that HBs reduce the thickness
of the mobile layer by a factor of [1 — x(HB)]. This is a sensible
result since [1 — x(HB)] is the fraction of molecular interactions
that are van der Waals in nature and might serve as a measure
of how closely a system still resembles a pure van der Waals
system when HBs are present.

We now extend the analysis of the effect of molecu-
lar size and HBs to the rate of surface crystal growth us.
Table III shows the us values of molecular glasses along with
other information. The us measurements of APAP and ITZ
are described in the supplementary material. We find that
essentially the same picture holds as in the case of surface
diffusion.

In Fig. 3(a), us at Ty is plotted as a function of d. A simi-
lar situation is seen here as in Fig. 1(a). As a single group, the
us values show no correlation with d, but a correlation is seen
for the non-HB group (open symbols), with us decreasing with
increasing d. For the HB group, us is substantially smaller rel-
ative to the non-HB group when compared at a similar d. In
Fig. 3(b), us at Tg is plotted against x(HB). There is considerable
scattering, while a broad decreasing trend can be noticed.

ARTICLE scitation.org/journalljcp

In Fig. 3(c), we plot us as a function of the combined vari-
able d /[1- x(HB)]. In this format, we see significantly improved
collapse of data onto a common trend. The collapse is not
perfect, but it is encouraging that the same combined vari-
able can organize both Ds and us data. This is consistent
with the report of Huang et al.° who observed a power-law
relation for many molecular glasses, us « D%, with the

® HB
6 r O non-HB

-0.2 0 0.2 0.4 0.6 0.8 1

-12 |+ @ HB
O non-HB ® ub

0 0.5 1 1.5 2 2.5
dI[1 - x (HB)]

FIG. 3. Surface crystal growth rate us at T plotted as a function of (a) d, (b) x(HB),
and (c) d/[1 — x(HB)]. “ub” stands for “upper bound.” The line is guide to the eye.
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us values clustering within one decade of each other at a
common Dg.

Finally, we analyze the effect of molecular size and
HBs on the formation of stable glasses by vapor deposi-
tion. Table IV shows the kinetic stability of molecular glasses
prepared by vapor deposition and other physical properties.
These glasses were deposited under similar conditions: the
deposition rate was ~0.2 nm/s, and the substrate tempera-
ture was chosen to maximize stability (0.84-0.92 Tg). These
are the conditions that yielded the most stable glasses for
molecules that form no or limited HBs. The kinetic stabil-
ity corresponds to the time for the glass to transform into a
supercooled liquid scaled by the a relaxation time of the lig-
uid, tiansformation/7a- FOr an ordinary, liquid-cooled glass, this
ratio is approximately unity. The deposited films tested had
similar thicknesses except for the triazine glasses. The triazine
data were acquired under somewhat different conditions that
could shift the observed transformation time by up to 0.3
decades; we have not made this adjustment as this would have
a negligible impact on our analysis of the data. In Table IV,
note the large range of kinetic stability (spanning more than
4 orders of magnitude) for the glasses of different molecules
produced under similar conditions of vapor deposition.

In Fig. 4(a), the kinetic stability of vapor-deposited glasses
is plotted as a function of d. There is no clear correlation
other than the fact that the non-HB group is above (more
stable) than the HB group. Figure 4(b) plots the kinetic sta-
bility against x(HB). A clear correlation is seen with the kinetic
stability decreasing as the extent of HBs increases. This con-
firms the conclusion of Tylinski et al.'” in a quantitative
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format. In Fig. 4(c), the kinetic stability of a vapor-deposited
glass is plotted against the combined variable d/[1 — x(HB)].
There is a decreasing trend, consistent with the control of
surface mobility over the formation of stable glasses; how-
ever, the quality of data collapse is not significantly improved
over Fig. 4(b). Overall, the kinetic stability of vapor-deposited
glasses shows a similar response to x(HB) as Ds and us, but
its response to d is obviously different. The ability to form
stable glasses by vapor deposition should also depend on addi-
tional factors, such as the existence of a low-energy target
structure to which freshly deposited molecules are driven
to evolve. It is possible that the surface relaxation process
responsible for stable-glass formation does not have a sim-
ple relationship with translational surface diffusion. While
translation across many molecular diameters occurs during
surface crystal growth and is required for surface diffusion
to be detected, stable glass formation depends on improve-
ments in local packing that in principle could be accom-
plished with very little translational motion. Even for bulk
glass formers, translational diffusion coefficients are partially
decoupled from structural relaxation times, indicating the
complex relationship between these quantities.?426 Another
complicating factor is that the kinetic stability was assessed
at a higher temperature than the formation of the glass.
The kinetic barrier for the transformation process may be
different from that for the stable glass formation process.
It may be of interest to learn whether a different measure
of vapor-deposited glass stability measured at the formation
temperature (e.g., density and enthalpy) has a similar depen-
dence on d and x(HB) as surface diffusion and surface crystal
growth.

TABLE IV. Kinetic stability of vapor-deposited molecular glasses along with their molecular weights, extents of hydrogen bonding, densities, and calculated molecular sizes.

M Tg pat T§ o d x log
(@/mo) () (g/cm’)  (References)  (nm)  (HB) (luunormaion/7s)  References
Toluene 92.1 117 1.02° 49 0.53 0 3.4 17
Ethylbenzene 106.2 115 1.02° 49 0.56 0 31 17
Ethylcyclohexane 114.4 104.5 0.94° 49 and 50 0.58 0 4.0 17
Methyl m-toluate 150.2 169 1.17¢ 50 and 51 0.60 0 3.3 17
OTP 230.3 246 112 28 0.70 0 4.9 17
TNB 456.6 347 115 30 0.87 0 4.0 17
TPD 516.7 330 119 5 0.90 0 4.4 17
Triazine Et 3475 314 1.07¢ .. 0.81 0.10 3.3 52
Triazine OMe 3494 330 1.07! 23 0.82 0.10 3.2 52
Triazine NHMe 348.4 360 1.07¢ . 0.81 0.15 1.9 52
IMC 357.8 315 1.34 35 0.76 0.14 3.7 17
Ethanol 46.9 97 0.94" 49 0.43 0.59 14 17
1-propanol 61.2 99 0.95° 49 047 0.53 0.3 17
Ethylene glycol 62.1 150 1.20° 49 0.44 0.68 0.7 17
1,2-propanediol 71.3 168 113 53 0.48 0.55 0.7 17
Benzyl alcohol 109.6 168 1114 54 0.54 0.38 3.4 17
2-ethyl-hexanol 132.7 143 0.94 55 0.61 0.35 2.0 17

#Estimated by extrapolating liquid density to Tg.

bEstimated by extrapolating ethylcyclohexane density at 293 K to Tg assuming that its temperature dependence is the same as that for cyclohexane.
“Estimated by extrapolating methyl m-toluate density at 293 K to Tg assuming that its temperature dependence is the same as that for methyl benzoate.

dEstimated as 95% of crystal density. Triazine OMe crystal density is from Ref. 23; the same value is assumed for triazine Et and NHMe.

J. Chem. Phys. 150, 024502 (2019); doi: 10.1063/1.5079441
Published under license by AIP Publishing

150, 024502-7


https://scitation.org/journal/jcp

The Journal of
Chemical Physics

6 T T .

5 @) a
Sat 0.8 ]
€
s3t ® ]
g
=2+ ® o 1
S| ° _

@
ol b ® HB
O NHB
-1 1 1 1
0 0.5 1 1.5 2
d (nm)

6 r T T T T

51 . b |
- A
sS4 A, 1
E.l 44 A _
&
=2 A A |
o A
o1t s A .

A

0 F 4

-1 1 1 1 1 1

-0.2 0 0.2 0.4 0.6 0.8 1

x (HB)

6 T T r

5 | o C |
sib o |
St © % ]
L2t ° ]
S 1t ° 1
g [ ®

ol ®HB i ]

O NHB
_1 1 1 1
0 0.5 1 1.5 2

di[1 - x (HB)]

FIG. 4. Kinetic stability of a vapor-deposited glass as a function of (a) d, (b) x(HB)
and (c) d/[1 — x(HB)].

CONCLUSION

We have examined how the molecular size and the extent
of hydrogen bonding influence three processes in molecular
glasses that involve surface mobility: surface diffusion, sur-
face crystal growth, and the formation of stable glasses by

ARTICLE scitation.org/journalljcp

vapor deposition. For systems that form no HBs, the sur-
face diffusion coefficient Ds at Ty decreases with increasing
molecular size d, at a rate of ~5 orders of magnitude per
nanometer. Assuming that center-of-mass diffusion is lim-
ited by the deepest, least-mobile part of the molecule in the
surface-mobility gradient, the available data indicate a mobil-
ity gradient in reasonable agreement with the ECNLE predic-
tion. For systems of similar d, Ds decreases with the extent
of intermolecular HB, x(HB). It is remarkable that for all the
systems studied (hydrogen-bonded or not), the Ds data col-
lapse when plotted against d/[1 — x(HB)]; this argues that
the HB effect on Ds can be described as a narrowing of
the surface mobility layer by a factor [1 — x(HB)]. Essentially
the same picture holds for the surface crystal growth rate
us. The kinetic stability of a vapor-deposited glass decreases
with x(HB) and marginally organized by the combined vari-
able d/[1 — x(HB)]. These results indicate that surface crystal
growth is controlled by surface diffusion, whereas the forma-
tion of stable glasses by vapor deposition may depend on other
factors.

Molecular mobility is expected to decrease sharply from
the free surface to the interior of a glass. At present, the infor-
mation is quite limited about the dimension and the steepness
of this gradient. The available surface diffusion data on van
der Waals glass-formers (e.g.,, OTP, TNB, and PS oligomers)
suggest that these systems have a similar surface-mobility
gradient when compared at Tg. This picture might come as
a surprise given that these systems contain molecules of dif-
ferent sizes and mobility might be expected to decrease by
the same amount for every molecular diameter of increase
in depth, not every nanometer. This picture could be tested
by simulations. This work has also found that the slower sur-
face diffusion in hydrogen-bonded systems can be described
as a narrowing of the surface mobile layer relative to van
der Waals systems. Simulations can also help evaluate this
conclusion.

SUPPLEMENTARY MATERIAL

See supplementary material for calculation of vaporiza-
tion enthalpies and for surface crystal growth measurements
of APAP and ITZ.
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