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When aged below the glass transition temperature, Tg , the den-
sity of a glass cannot exceed that of the metastable supercooled
liquid (SCL) state, unless crystals are nucleated. The only excep-
tion is when another polyamorphic supercooled liquid state exists,
with a density higher than that of the ordinary SCL. Experimen-
tally, such polyamorphic states and their corresponding liquid-liquid
phase transitions have only been observed in network-forming sys-
tems or those with polymorphic crystalline states. In otherwise sim-
ple liquids, such phase transitions have not been observed, either
in aged or vapor-deposited stable glasses, even near the Kauzmann
temperature. Here, we report that the density of thin vapor-deposited
films of N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) can
exceed their corresponding SCL density by as much as 3.5% and
can even exceed the crystal density under certain deposition condi-
tions. We identify a new high-density supercooled liquid (HD-SCL)
phase with a liquid-liquid phase transition temperature (TLL) ∼35 K
below the nominal glass transition temperature of the ordinary SCL.
The HD-SCL state is observed in glasses deposited in the thickness
range of 25 – 55 nm, where thin films of the ordinary SCL have excep-
tionally enhanced surface mobility with large mobility gradients. The
enhanced mobility enables vapor-deposited thin films to overcome
kinetic barriers for relaxation and access the HD-SCL state. The HD-
SCL state is only thermodynamically favored in thin films and trans-
forms rapidly to the ordinary SCL when the vapor deposition is con-
tinued to form films with thicknesses more than 60 nm.
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G lasses are formed when the structural relaxations in super-1

cooled liquids (SCL) become too slow, causing the system2

to fall out of equilibrium at the glass transition temperature3

(Tg). The resulting out-of-equilibrium glass state has a thermo-4

dynamic driving force to evolve towards the supercooled liquid5

state through physical aging (1). At temperatures just below6

Tg, the extent of equilibration is limited by the corresponding7

SCL state, while at much lower temperatures, equilibration8

is limited by the kinetic barriers for relaxation. As such, the9

degree of thermodynamic stability achieved through physical10

aging is limited (2).11

Physical vapor deposition (PVD) is an effective technique12

to overcome kinetic barriers for relaxation to produce ther-13

modynamically stable glasses (SGs) (3–10). The accelerated14

equilibration in these systems is due to their enhanced surface15

mobility (11–14). During physical vapor deposition, when the16

substrate temperature is held below Tg, molecules or atoms17

can undergo rearrangements and adopt more stable configu-18

rations at the free surface and proximate layers underneath19

(13). Once the molecules are buried deeper into the film their20

relaxation dynamics significantly slow down, which prevents21

further equilibration. Through this surface-mediated equili-22

bration process stable glasses can achieve low-energy states on23

the potential energy landscape that would otherwise require 24

thousands or millions of years of physical aging (2, 3, 15, 16). 25

As such, the degree of enhanced surface mobility and mo- 26

bility gradients are critical factors in the formation of stable 27

glasses (3, 11, 17, 18). While the effect of film thickness on 28

the surface mobility and gradients of liquid-quenched glasses 29

has been studied in the past (19, 20), there is limited data on 30

the role of film thickness in the stability of vapor-deposited 31

glasses. In vapor-deposited toluene, it has been shown that 32

decreasing the film thickness from 70 nm to 5 nm can increase 33

the thermodynamic stability but decrease the kinetic stability 34

(5, 6). In contrast, thin films covered with a top layer of 35

another material do not show a significant evidence of reduced 36

kinetic stability (21), indicating the non-trivial role of mobility 37

gradients in thermal and kinetic stability. 38

Stable glasses of most organic molecules, with short-range 39

intramolecular interactions, have properties that are indicative 40

of the same corresponding metastable SCL state as liquid- 41

quenched (LQ) and aged glasses, without any evidence of the 42

existence of generic liquid-liquid phase transitions that can 43

potentially provide a resolution for the Kauzmann entropy 44

crisis (22). The Kauzmann crisis occurs at the Kauzmann 45

temperature (TK), where the extrapolated SCL has the same 46

structural entropy as the crystal, producing thermodynami- 47

cally impossible states just below this temperature. Recently, 48

Significance Statement

Enhanced surface mobility enables rapid equilibration of vapor-
deposited glasses towards the supercooled liquid (SCL). We
demonstrate that thin films of TPD molecular glass, when
vapor-deposited below a certain temperature, can access a
high-density SCL (HD-SCL) state through a liquid-liquid phase
transition ∼35 K below the nominal glass transition tempera-
ture of ordinary SCL. The HD-SCL phase transforms into the
ordinary SCL when the thickness is increased above 60 nm,
demonstrating that HD-SCL is only thermodynamically favored
in thin films. These results provide a recipe for accessing oth-
erwise kinetically inaccessible regions in the energy landscape,
which are critical for understanding the glass transition phe-
nomenon. Access to high-density stable glass states that can
resist crystallization and dewetting are also important in various
applications.

Y.J. performed the majority of the sample preparation and characterization experiments. A.Z, S.G.,
and S.E.W. contributed to the construction and maintenance of the ultra-high vacuum chamber for
PVD experiments. A.Z., S.G, A.R.M., M.Z., and G.F. performed the GIWAXS experiments. A.A.S.
performed the powder XRD and UV-vis absorption experiments. Y.J., A.Z., S.G., S.E.W., A.R.M.,
and Z.F. analyzed the data. Y.J. and Z.F. wrote the manuscript, with input from all other researchers.
Z.F. directed the research.

The authors declare no competing interests.

2To whom correspondence should be addressed. E-mail: fakhraai@sas.upenn.edu

www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX PNAS | November 13, 2021 | vol. XXX | no. XX | 1–8



DRAFT

Ediger et al. showed that near-equilibrium states of ethyl-49

benzene can be produced using PVD down to 2 K above TK,50

and hypothesized that any phase transition to an “ideal glass"51

state to avoid the Kauzmann crisis must occur at TK (16).52

In some glasses of elemental substances (23, 24) and53

hydrogen-bonding compounds (25, 26), liquid-liquid phase54

transitions can occur between polyamorphic states with dis-55

tinct local packing structures that correspond to polymorphic56

crystalline phases. For example, at high pressures, high- and57

low-density supercooled water phases are inter-convertible58

through a first-order phase transition (27, 28). Recent studies59

have demonstrated that such polyamorphic states can also be60

accessed through physical vapor deposition in hydrogen bond-61

ing systems with polymorphic crystal states at depositions62

above the nominal Tg (29, 30). However, these structure-63

specific transitions do not provide a general resolution for the64

Kauzmann crisis.65

Here, we report the observation of a liquid-liquid phase66

transition in vapor-deposited thin films of N,N’-bis(3-67

methylphenyl)-N,N’-diphenylbenzidine (TPD). TPD is a68

molecular glassformer with only short-range intermolecular69

interactions. When thin films of TPD are vapor deposited70

onto substrates held at deposition temperatures (Tdep) be-71

low the nominal glass transition temperature of bulk TPD,72

Tg(bulk), films in the thickness range of 25 nm < h < 55 nm73

achieve a new high-density supercooled liquid (HD-SCL) state.74

The liquid-liquid phase transition temperature (TLL) between75

the ordinary SCL and HD-SCL states is measured to be76

TLL ' Tg(bulk)− 35 K. The density of thin films deposited77

below TLL tangentially follow the HD-SCL line, which has78

a stronger temperature dependence than the ordinary SCL.79

When vapor deposition is continued to produce thicker films80

(h > 60 nm), the HD-SCL state transforms into the ordinary81

SCL state, indicating that the HD-SCL is only thermodynami-82

cally favored in the thin film geometry. This transition is qual-83

itatively different than the previously reported liquid-liquid84

phase transitions, as it is not related to a specific structural85

motif in TPD crystals and it can only be observed in thin86

films, indicating that the energy landscape of thin films is87

favoring this high-density state.88

We observe an apparent correlation between enhanced mo-89

bility gradients in liquid-quenched thin films of TPD and the90

thickness range where HD-SCL states are produced during91

PVD. We hypothesize that enhanced mobility gradients are92

essential in providing access to regions of the energy land-93

scape corresponding to the HD-SCL state which are otherwise94

kinetically inaccessible. This hypothesis should be further in-95

vestigated to better understand the origin of this phenomenon.96

Results97

Structural Characterization of Vapor-Deposited Films. Physical98

vapor deposition was used to produce smooth and uniform99

TPD thin films as detailed in the Materials and Methods100

section and the online Supplementary Information (SI). Fig-101

ure 1 shows the in-plane (qxy) and out-of-plane (qz) graz-102

ing incidence wide angle X-ray scattering (GIWAXS) data103

for films deposited at a substrate deposition temperature of104

Tdep = 264±3 K, as well as a 200 nm liquid-quenched glass film.105

The two-dimensional data used to extract these spectra are106

shown in Figure S10. X-ray diffraction measurements of TPD107

crystal is shown in Figure S11 as a reference. The GIWAXS108
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Fig. 1. In-plane (qxy ) and out-of-plane (qz ) GIWAXS scattering intensity for films
vapor deposited at Tdep = 264± 3 K with thicknesses of (A) 203 nm, (B) 53 nm,
and (C) 32 nm, and (D) a 200 nm liquid-quenched (LQ) glass film. The anisotropic
features observed in (A) can be attributed to molecular orientation (q ∼ 1.4 Å−1)
and layering (q ∼ 0.8 Å−1), respectively.

data for the 203 nm vapor-deposited film (Figure 1A) shows 109

a noticeable difference between the scattering intensity along 110

the in-plane qxy and out-of-plane qz directions, indicating a 111

significant anisotropy in this film. In contrast, the 200 nm 112

liquid-quenched film (Figure 1D) has a broad isotropic scat- 113

tering signal, which is typically observed in liquid-quenched 114

glasses. The anisotropy of the thick PVD film is consistent 115

with previous observations in TPD (31, 32) and other stable 116

glass systems (31–36). In the data shown in Figure 1A, the 117

anisotropy observed in the intra-molecular scattering region 118

(q ∼1.4 Å−1, ∼0.5 nm length-scale) is attributed to orienta- 119

tional order of TPD molecules (31), while the peak observed 120

in the out-of-plane direction at qz ∼ 0.8 Å−1 (∼ 0.8 nm length 121

scale) is due to molecular layering normal to the film surface 122

(35, 37). This feature has been observed in a broad range of 123

stable glasses (31, 37, 38). As the film thickness is reduced 124

at this deposition temperature, the differences between qxy 125

and qz are diminished (Figures 1B & C) and the films become 126

more isotropic, but films of all thicknesses remain amorphous, 127

with no sign of crystallization. 128

Spectroscopic ellipsometry was also used to evaluate the 129

structural anisotropy of as-deposited films, through measure- 130

ments of optical birefringence (35, 39) (more details in Ma- 131

terials and Methods section and SI). In thick TPD films 132

(h > 60 nm), birefringence strongly varies with the depo- 133

sition temperature, becoming more negative at lower Tdep, 134

indicating preferred in-plane molecular orientation, consistent 135

with the GIWAXS data (Figures 1 and S10) and previous stud- 136

ies (31, 36). In contrast, films with h < 60 nm show zero or 137

small positive birefringence values when the ellipsometry data 138

is fit to a birefringent optical model. However, the error in 139

defining birefringence in ellipsometry measurements increases 140

with decreasing film thickness (detailed in SI and Figure S15). 141

As such, given the reduced anisotropy observed in GIWAXS 142

experiments (Figure 1), isotropic fitting was used to fit the 143

2 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Jin et al.
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Fig. 2. (A) Normalized thickness vs. temperature during dilatometry cycles for films
deposited at Tdep = 264 ± 3 K. Dashed black lines are linear fits to the SCL
and liquid-quenched glass regions of the 206 nm film to determine Tg(bulk) =
330± 2 K. The long black arrow shows the determination of relative density (∆ρ)
for the 25 nm film with respect to its liquid-quenched glass state. Short arrows show
the direction of the thermal cycle. (B) ∆ρ (evaluated at 298 K) vs. film thickness.
The horizontal dashed line shows ∆ρ of the extrapolated ordinary SCL at 264 K
(∆ρSCL = 3.3 ± 0.2%). The inset shows the molecular structure of TPD. Some
error bars in (B) are smaller than the symbol size.

data for films with h < 60 nm. We note that the choice of the144

model (birefringent vs. isotropic) does not affect the measured145

film thicknesses and the calculated density (Figure S16B).146

Dilatometry Experiments. Figure 2A shows ellipsometry-based147

dilatometry measurements for films vapor-deposited at Tdep =148

264± 3 K. Films of all thicknesses have higher initial density149

(lower initial film thickness) compared to their transformed150

liquid-quenched states as shown in Figure 2B. As the film151

thickness is decreased, the relative density (∆ρ) is increased152

dramatically, reaching a maximum at h ∼ 40 nm. ∆ρ decreases153

slowly as the film thickness is further decreased. It is notable154

that for h < 60 nm, ∆ρ exceeds the extrapolated density of155

the supercooled liquid at Tdep = 264 ± 3 K (dashed line in156

Figure 2B). The initial film density can also be independently157

evaluated through measurements of the index of refraction,158

n, which is related to the density through the Lorentz-Lorenz159

relationship (40). Figure S19 shows that films of all thicknesses160

also have higher initial average index of refraction compared161

to their transformed states, in agreement with the dilatometry162

results in Figure 2A.163

To further investigate the effect of deposition temperature164

and film thickness on the relative density change (∆ρ) and165

index of refraction (n), TPD films were vapor deposited on166

substrates with a temperature gradient (T -grad) along their167

long axis (details in Materials and Methods as well as in SI).168

This high-throughput method allows simultaneous depositions169

at a broad range of Tdep values (33, 41). Figure 3 shows ∆ρ170

and n vs. Tdep for T -grad films of various thicknesses. For171

films with h > 50 nm, where a birefringent model was used172

to fit the ellipsometry data, the average index of refraction is173
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Fig. 3. (A) Relative density change, ∆ρ, vs. deposition temperature, Tdep, for T -grad
films with various thicknesses. The dashed line shows the extrapolated density of
bulk SCL. (B) Index of refraction (n) of as-deposited films vs. Tdep, measured at the
wavelength λ = 632.8 nm. For the 72 nm and 206 nm films, which are birefringent,
the average value of n is plotted.

shown in Figure 3B. The corresponding birefringence data is 174

shown in Figure ?? (details of measurements and calculations 175

in SI). Figure 3A shows that in thick films (h > 60 nm), ∆ρ is 176

limited by the extrapolated density of the supercooled liquid 177

(∆ρ (SCL), dashed line) and does not exceed this value. Close 178

to the nominal Tg(bulk), the density of as-deposited films can 179

reach this limiting value, while at lower Tdep values, the system 180

is kinetically trapped with ∆ρ < ∆ρ (SCL). This observation 181

is similar to the previous reports in stable glasses of TPD and 182

other molecules (7, 16, 33, 39). 183

In thin films (h < 60 nm), remarkably high values of 184

density are observed (Figure 3A) and ∆ρ well exceeds the 185

extrapolated SCL density. For example, at Tdep = 264 K, 186

∆ρ (SCL) = 3.3 ± 0.2%, while for 45 nm vapor-deposited 187

film, ∆ρ = 6.3%. These trends continue as Tdep is further 188

decreased, with a maximum ∆ρ of 8.4% achieved in 37 nm 189

and 45 nm films deposited at Tdep ∼ 230 K. High density 190

states are also seen in 30 nm and 25 nm films, but to a 191

smaller extent. The index of refraction (n) of as-deposited films 192

also increases dramatically as the film thickness is decreased 193

(Figure 3B), providing additional independent evidence for 194

the dramatic density increase in vapor-deposited thin films. 195

Using n, the estimated density of the 30 nm and 25 nm 196

films appear to exceed those of 45 nm and 55 nm films for 197

240 K < Tdep < 300 K. This difference in the observed trends 198

can be explained by the fact that ∆ρ is calculated relative 199

to the transformed liquid-quenched state, while n is directly 200

measured in as-deposited films. We observe that the indices 201

of refraction of the supercooled liquid and liquid-quenched 202

glass states are also increased in thin films compared to their 203

bulk values (Figure S22), resulting in smaller relative ∆ρ when 204

values are compared. If relative ∆n values were used instead 205

of n, trends would be very similar to those observed with ∆ρ, 206

as ∆n is strongly correlated with ∆ρ (Figure S21, more details 207

in SI). 208

Jin et al. PNAS | November 13, 2021 | vol. XXX | no. XX | 3
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The observation that the index of refraction of the super-209

cooled liquid is increased in thin films (Figure S22) indicates210

that the density of the SCL state is also higher in thin films211

than that of the bulk. A similar effect was previously observed212

in polymer thin films (42, 43), but its origins are not well213

understood and should be further investigated. However, we214

also note that the error in evaluating n also increases with215

decreasing film thickness. As such, we opt to frame the dis-216

cussions in this manuscript around ∆ρ obtained based on film217

thickness, providing a more conservative estimation of the218

magnitude of the observed phenomenon.219

Another factor that affects the calculated ∆ρ is the fact220

that the glass transition temperature of thin TPD films are221

lower than Tg(bulk) (19). As such, each sample is compared222

to a slightly different reference state. To eliminate this effect,223

we present the data using the estimated specific volume (Vsp)224

of each film at the deposition temperature, Tdep (Figure 4).225

Discussions226

Polyamorphism in Thin Films. Figure 4A shows a plot of nor-227

malized specific volume (Vsp) vs. Tdep for films of various228

thicknesses (detailed calculations in SI). The Vsp values for all229

samples were normalized to their corresponding supercooled230

liquid state at 348 K. As seen in Figure 4A, in thick films231

(h > 60 nm) deposited at Tdep > 310 K, the as-deposited glass232

reaches the same specific volume as the corresponding SCL233

state, implying that these films have enough surface mobility234

during vapor deposition to reach the metastable equilibrium235

state and do not further evolve. At Tdep < 300 K, thick236

films do not have enough mobility and their Vsp increases237

towards that of the liquid-quenched glass state. This data is238

consistent with previous studies that identify the SCL state as239

the limiting state achieved during physical vapor deposition240

(33, 37, 39).241

The temperature dependence of Vsp is remarkably different242

in films with h < 60 nm. In these films, the limiting value of243

Vsp appears along a line with a higher slope than that of the244

extrapolated bulk SCL line. This apparent new high-density245

supercooled liquid state (HD-SCL) was previously unidentified246

in TPD. The trends of Vsp vs. Tdep with respect to this new247

limiting HD-SCL state are qualitatively similar to what is248

observed in thick films with respect to the ordinary SCL state;249

as Tdep is decreased, Vsp reaches a minimum at some low250

deposition temperature, where the system is no longer able to251

kinetically reach this metastable HD-SCL state, and deposition252

below this point produces glasses with higher specific volume253

and lower density than the extrapolated HD-SCL line.254

The liquid-liquid phase transition between the two255

polyamorphic SCL and HD-SCL states is observed at TLL '256

295± 5 K (∼ 35 K below the nominal Tg(bulk) of the SCL)257

and is relatively abrupt. As shown in Figure 4B, when Tdep258

is well above TLL (i.e. Tdep > 320 K), Vsp reaches the Vsp of259

the ordinary SCL and does not further evolve, indicating that260

the ordinary SCL is the energetically favored state in this de-261

position range. As Tdep is decreased, after a transition region262

with non-monotonic density change (295 K < Tdep < 320 K),263

the Vsp of vapor-deposited thin films follow the HD-SCL line.264

For 270 K < Tdep < TLL, the surface mobility appears to be265

high enough for these films to reach the new corresponding266

equilibrium, which is the HD-SCL state. The specific volume267

reaches a minimum value around Tdep ∼ 230 K (0.78TLL)268

Fig. 4. (A) Normalized specific volume (Vsp) vs. Tdep for T -grad films of various
thicknesses. The cooling curve of a 200 nm liquid-quenched (LQ) glass is shown
as reference (10 K/min cooling, extrapolated by the gray dotted line). The black
dashed line is the extrapolated supercooled (SCL) liquid line for this film. The thick red
dashed line shows the apparent marginal specific volume for thin films, assigned as
the high-density SCL (HD-SCL) state. TLL (small black arrow) indicates the location
of phase transition between SCL and HD-SCL states. The purple dashed-dotted line
shows the estimated Vsp of the monoclinic TPD crystal vs. temperature, based on
the crystal density measured at 298 K (star symbol, Ref. 44) and 90 K (Ref. 45, point
not shown). (B) Normalized Vsp vs. Tdep for 45 nm and 55 nm T -grad films for an
extended Tdep range. In both graphs, Tg (bulk) for liquid-quenched TPD is indicated
for reference.

in 37 – 45 nm films, below which the samples appear to be 269

kinetically trapped, relative to the extrapolated HD-SCL. 270

As shown in Figure 1, despite their exceptionally high den- 271

sity, thin films produced in the HD-SCL state are amorphous 272

and do not show any sign of crystallization. Without the 273

existence of a liquid-liquid phase transition, it is impossible 274

to produce amorphous states with densities larger than SCL. 275

The evidence for a phase transition is strengthened when we 276

focus on the films deposited in the region close to TLL (Fig- 277

ure 4B). We observe a transition region in the deposition range 278

of TLL < Tdep < 320 K, where the specific volume in thin 279

films changes non-monotonically. The specific volume follows 280

the Vsp of the ordinary SCL above this deposition range and 281

the Vsp of the HD-SCL below this range. The non-monotonic 282

change in Vsp can be a sign of phase transition, where in this 283

region a co-existing mixture of the two phases are deposited 284

resulting in this non-trivial behavior. In this region, we also ob- 285

serve high surface roughness in as-deposited thin films (AFM 286

images shown in Figures S7 – S9). The increased roughness 287

may be interpreted as a sign of enhanced surface mobility and 288

mobility gradients in vapor-deposited films, similar to what 289

has been previously observed in liquid-quenched TPD films 290

(19). However, enhanced mobility is expected to make more 291

stable glasses with lower Vsp values, which is not the case 292

here. Alternatively, the roughness can be an indirect sign of 293

proximity to a phase transition, which can cause large volume 294

fluctuations and thus larger surface roughness. Regardless, 295

above and below this transition region the specific volume 296

clearly follows two distinct slopes, which intersect at TLL, 297

providing a strong evidence for polyamorphism in thin films. 298

4 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Jin et al.
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It is therefore also possible that the actual phase transition299

point is in the region with maximum density (the middle of300

the co-existence region). More detailed experiments in this301

transition region, as well as direct calorimetry experiments302

should be employed in the future to provide further insight303

into details of this liquid-liquid transition.304

Without polyamorphism the values of enthalpy and specific305

volume cannot decrease below their corresponding SCL values306

either through physical aging or vapor deposition (7, 34, 39).307

Beasley et al. recently showed that in ∼ 400 nm films of308

ethylbenzene the density of vapor-deposited glasses follow the309

extrapolated SCL density down to 2 K above the Kauzmann310

temperature (16). As such, it has been hypothesized that any311

resolution of the Kauzmann crisis will occur at TK for bulk312

systems. Our data shown in Figure 4A paints a remarkably313

different picture in thin films, where geometrical constraints314

appear to produce a modified energy landscape where an315

amorphous packing with exceptionally high density can be316

equilibrated during vapor deposition. In thin films molecules317

are packed in significantly closer proximity than both known318

crystal forms of TPD, the monoclinic and the orthorhombic319

crystals (44, 45) (values listed in SI). In thick films, the crystal320

state is the equilibrium phase that minimizes the free energy.321

In thin films deposited below TLL, the HD-SCL is expected322

to have a lower free energy than the SCL state. While this323

phase has a higher density than the bulk crystal, it is not324

immediately clear whether a corresponding crystal state also325

exist in thin films with higher density than the bulk crystal.326

However, we have not observed any evidence of crystallization327

in our experiments, which indicates that the HD-SCL may328

indeed be the equilibrium phase that minimizes the free energy329

as opposed to a metastable phase. Regardless, the observation330

of the phase transition is a strong evidence that the thin film331

geometry can equilibrate amorphous structures that are not332

otherwise thermodynamically favored in bulk films.333

It is important to note that our data does not necessarily of-334

fer a resolution for the Kauzmann crisis. Given the large slope335

of the HD-SCL compared to the ordinary SCL, the apparent336

Kauzmann temperature is even higher for the HD-SCL state337

and is estimated to be at TK(HD-SCL) ' 265 K as opposed338

to TK(SCL) ' 190 K for bulk films (Figure S18 shows corre-339

sponding fictive temperatures of vapor-deposited films with340

respect to each state). Furthermore, in the temperature range341

of 220 K < Tdep < 250 K the density actually exceeds that of342

the crystal. However, density is not the correct metric for the343

Kauzmann crisis and one needs to evaluate the corresponding344

entropy of each state with respect to the crystal entropy. While345

in the ordinary SCL the density typically follows the trends in346

entropy, there is no thermodynamical reason why this should347

also be the case for HD-SCL. To our knowledge these are some348

of the highest density states ever seen in molecular glasses349

in ambient pressures. As such, understanding the details of350

this packing, its corresponding structural entropy, and how351

the thin film geometry enables its equilibration merit further352

studies.353

The Role of Surface Mobility in Accessing HD-SCL. A major con-354

trast between the polyamorphism observed here and those355

previously seen in bulk stable glasses is that the TLL in TPD356

thin films is well below its nominal Tg(bulk). In bulk TPD, the357

estimated relaxation time at 295 K (where TLL is measured358

here) is ∼ 1022 sec (∼ 1014 years) (12). As such, even if the359

HD-SCL could exist in the bulk, it would not be accessible 360

through physical aging. Even during vapor deposition, at 361

Tdep = 295 K thick films are in kinetically trapped states, 362

making the HD-SCL inaccessible for these films. 363

During physical vapor deposition, stable glasses are formed 364

because of the enhanced mobility at the free surface (3, 11, 365

36, 46) and layers directly underneath (13, 17). Surface mo- 366

bility gradients allow molecules in the surface region to adopt 367

more efficient packing structures, before falling out of equilib- 368

rium at locations deeper into the film. The ability to access 369

the otherwise inaccessible HD-SCL by thin films is a strong 370

evidence that the dynamics near the surface region of thin 371

films are significantly enhanced compared to those of thick 372

films. This relatively enhanced mobility would allow thin 373

films to equilibrate into the HD-SCL state at low deposition 374

temperatures. There is indirect evidence for this hypothesis in 375

measurements of liquid-quenched TPD films. Measurements 376

of mobility in thin liquid-quenched TPD films (19) as well as 377

measurements of the breadth of the Tg transition (20) show 378

that they have faster mobility at the free surface and enhanced 379

mobility across their entire thickness. When comparing ∆ρ 380

in vapor-deposited films with the breadth of the Tg transition 381

in liquid-quenched counterparts (Figure S25), it appears that 382

the highest density films produced during PVD are in the 383

thickness range where liquid-quenched films still have some 384

portions with slow, bulk-like mobility (presumably in regions 385

close to the substrate), producing a broad mobility gradients 386

in these films. In thinner films (h < 35 nm), mobility of liquid- 387

quenched films are enhanced throughout their thickness, and 388

PVD films show a smaller extent of density increase (more 389

details in SI). We interpret these observations to mean that in 390

order to produce a stable glass, sufficient enhanced mobility 391

needs to be coupled with the ability to fall out of equilib- 392

rium deep inside the film. The details of this correlation and 393

the specific pathways towards different regions in the energy 394

landscape merit further future studies. 395

Another strong indication for the role of enhanced mobility 396

gradients in accessing the HD-SCL state, is the observation 397

that thin PVD films are more isotropic that thick films, based 398

on both the limited GIWAXS data for films deposited at 399

Tdep = 264 K (Figure 1) and the birefringence values when the 400

ellipsometry data in thin films is fit to a birefringent model 401

(Figure S16). It has been previously demonstrated that slower 402

deposition rates can produce more isotropic stable glasses (47), 403

because the molecules have a chance to equilibrate at layers 404

well below the free surface. As such, the templated orientation 405

at the free surface region can be erased. Recent computer 406

simulations have also provided evidence for reorientation below 407

the free surface (13) during vapor deposition. In TPD thin 408

films, the longer range of mobility gradients compared to the 409

bulk films can have a similar effect in reducing their orien- 410

tational anisotropy, analogous to a change in the deposition 411

rate. 412

While it is not clear whether the HD-SCL state is ubiqui- 413

tous in vapor deposited thin films, enhanced surface and thin 414

film mobility has been broadly observed in organic and poly- 415

meric thin films (5, 48–51). As such, it is likely that the strong 416

variations in mobility gradients due to the free surface and its 417

interplay with substrate interactions would significantly affect 418

stable glass formation in films with intermediate thicknesses. 419

For example, one can hypothesize that using a substrate with 420
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more favorable interactions, which affects the mobility gradi-421

ents (20), would also produce highly stable glasses or HD-SCL422

states in even thinner films. This can provide an exciting423

opportunity to produce ultra-thin stable glass films with vary-424

ing degrees of orientational order and stability, through an425

interplay between the surface and substrate dynamics. While426

their liquid-quenched counterparts can rapidly dewet or crys-427

tallize (19, 51), hindering their applications, vapor-deposited428

films can be produced with lower roughness and better thermal429

stability, with exceptionally high density.430

The Importance of Thin Film Geometry in the Stabilization of HD-SCL.431

A unique and unexpected feature of the data presented in this432

study, is the rapid transformation of thin film from HD-SCL433

state to a much lower density state upon continued deposition.434

For example, as seen in Figure 3A, at Tdep = 230 K, 37 nm435

and 45 nm films have nearly the same density (∆ρ = 8.4%).436

However, upon the deposition of another 10 nm, the 55 nm437

film has an average density of ∆ρ = 4.5%. Increasing the film438

thickness further to 206 nm results in a film that is marginally439

stable, with a density even lower than that of the ordinary440

SCL. If the bottom 45 nm of the film remained at the same441

initial HD-SCL density while the deposition continued, one442

would expect the 206 nm film to have at least a density of443

∆ρ = 1.8%, which is not the case. This means that as the444

deposition is continued, the entire film actually dilates and445

transforms into a different corresponding state, presumably to446

that of the ordinary SCL. Future in situ measurements and447

computer simulations are needed to elucidate the details of448

this phenomenon.449

It is difficult to rationalize this phenomenon without assum-450

ing that thin films have distinctly different equilibrium states451

than thick films. This is a strong evidence that the geometry452

and boundary conditions in thin films produce a unique en-453

ergy landscape, which allows an otherwise thermodynamically454

disfavored phase (HD-SCL) to become the equilibrium phase455

in thin films. This is analogous of a tilting of the energy456

landscape due to an external driving force. Once the thickness457

exceeds the point where the Gibbs free energy of this state458

is higher than that of the ordinary SCL, the system returns459

to the ordinary SCL, resulting in the rapid observed transfor-460

mation. This hypothesis can explain the non-trivial behavior461

of the 55 nm film with respect to Tdep, which appears to fall462

somewhere between the SCL and HD-SCL lines depending463

on the deposition temperature (Figure 4A). This hypothesis464

would also imply that the 55 nm films still has enough en-465

hanced mobility, even at Tdep = 230 K to entirely transform466

from HD-SCL to SCL upon PVD. Interestingly, by the time467

a 200 nm film is deposited, the film mobility even at its free468

surface is so low that it cannot even form a typical stable glass.469

This collective behavior suggests that surface mobility and470

mobility gradients strongly depend on both the film thickness471

and temperature, which is also supported by limited existing472

data in liquid-quenched thin films (19, 20, 50).473

However, it is still surprising that the 55 nm continues474

to evolve into a less-dense state, to produce a marginally475

stable state when the thickness reaches 200 nm. Based on476

measurements of mobility in liquid-quenched TPD films (19,477

20), we do not expect these films to have equilibrium relaxation478

times that are fast enough to evolve into the ordinary SCL479

state. Indeed if that was the case, we would expect the system480

to stop evolving once ordinary SCL state was achieved, which481

is significantly higher density than is observed in 200 nm films 482

at low deposition temperatures. The only possible justification 483

is that once the energy landscape is tilted to make the ordinary 484

SCL the equilibrium state for the thick films, a driving force is 485

generated for the system to rapidly dilate. This phenomenon 486

appears analogous to volume recovery of pressurized glasses 487

after the pressure is removed (52) or memory effects in physical 488

aging after a temperature up-jump event (53, 54), both of 489

which result in volume evolution that is faster than the nominal 490

relaxation times in these systems. Here, the change in the 491

energy landscape from the thin film geometry to the bulk state 492

appears to trigger a similar effect, resulting in an apparent 493

dilation that is faster than the equilibrium relaxation times of 494

the system. However, this connection is not immediately trivial 495

or clear. In situ experiments to measure volume recovery upon 496

rapid vapor deposition or flash DSC experiments to measure 497

whether strong changes in activation entropy occur due to 498

the changing boundary conditions can be employed to further 499

study this rather surprising phenomenon (55). 500

The origins of widely changing dynamical gradients and 501

their corresponding thickness effects in thin films themselves 502

remain poorly understood (20). The data here indicates that 503

depending on the method of preparation (quenching the liquid 504

versus physical vapor deposition) either liquid-like (dewetting, 505

low Tg) or stable and dense states (corresponding to HD-SCL), 506

can be achieved that belong to distinctly different regions in the 507

energy landscape. However, regardless of their nature, most of 508

these effects, including the observation of higher density values 509

in liquid-quenched and ordinary SCL films (Figure S22) rapidly 510

disappear when the film thickness is increased above 60 nm. 511

As such, thin films can be strong candidates to experimentally 512

explore various theories of glass transition and their validity 513

in deeply supercooled states as well as at small length scales. 514

The existence of similar effects in other glassy systems should 515

be explored to evaluate the generality of this phenomenon. 516

Conclusions 517

We have demonstrated that vapor-deposited thin films of molec- 518

ular glass TPD produce amorphous states with densities much 519

higher than the ordinary supercooled liquid state. Screening 520

across a wide range of deposition temperatures, we identify a 521

high-density SCL state (HD-SCL) with a liquid-liquid transi- 522

tion temperature TLL ≈ Tg(bulk)− 35 K. The densest glasses 523

have densities that are comparable or higher than the TPD 524

crystal. The HD-SCL state is produced at a thickness range 525

where large mobility gradients are also observed in liquid- 526

quenched TPD films (37 nm < h < 45 nm), providing a 527

strong correlation between enhanced mobility gradients and 528

ability to kinetically access the polyamorphic HD-SCL state. 529

Upon further deposition, films with thicknesses of 50 nm and 530

higher rapidly dilate and lose their high-density conformations, 531

demonstrating that the HD-SCL state is only thermodynami- 532

cally favored in the thin film geometry, enabled by its unique 533

energy landscape. 534

Materials and Methods 535

TPD (structure shown in Figure S1) was used as purchased (Milli- 536

poreSigma). The bulk glass transition temperature was determined 537

by differential scanning calorimetry (DSC, TA Instruments, Q2000) 538

to be Tg(bulk) = 330 ± 2 K (Figure S2). TPD powder was pre- 539

melted in a vacuum oven (Fisherbrand Isotemp Model 281A) before 540
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use. TPD was thermally evaporated on silicon substrates (Virginia541

Semiconductor), bridged between two independently temperature-542

controlled (Omega controllers) stages in a custom ultra-high vacuum543

chamber (base pressure ∼ 2 × 10−7 Torr) (17, 56). A temperature544

gradient (T -grad) was established across the two stages for high-545

throughput sample preparation. More details of sample preparation546

and temperature control can be found in SI and Figures S3 – S5.547

The variation of film thickness along the T -grad samples was below548

3% of the average film thickness (Figure S6). All depositions were549

performed at a deposition rate of rdep = 0.030 ± 0.005 nm/s.550

Atomic force microscopy (AFM, Agilent 5420) was used to char-551

acterize surface morphology. Except for the data shown in Figure 4B,552

the data reported here were limited to samples with as-deposited553

root mean square (RMS) roughness less than 2 nm, to reduce un-554

certainties of thickness measurements (details in SI, and Figures S7555

and S8). AFM was also performed on samples after dilatometry to556

rule out dewetting or crystallization (Figure S9).557

Grazing incidence wide angle X-ray scattering (GIWAXS) mea-558

surements were conducted at the National Synchrotron Light Source559

II, Brookhaven National Laboratory, with a beam energy of 18.2 keV560

(details in SI).561

Variable-angle spectroscopic ellipsometry (J. A. Woollam M-562

2000) was performed to determine the thickness (h), indices of563

refraction nxy and nz , and optical birefringence, δn = nz − nxy564

of as-deposited films (details in Figures S14 – S16). Dilatome-565

try experiments were performed by heating as-deposited films at566

10 K/min, to either 348 K and holding for 20 min for thin films, or567

to 353 K and holding for 30 min for thick films, to complete the568

transformation. The films were subsequently cooled at 10 K/min569

to 298 K to form liquid-quenched glasses. The film thickness and570

indices of refraction were measured in situ during dilatometry, at a571

frequency of 2.5 s with zone averaging, at an angle of incidence of572

70° (Figures 2A and S19). Using this data, the fictive temperature573

(Tf ), liquid-quenched Tg , and the onset of transformation (Tonset)574

values were determined (Figures S17 and S18). ∆ρ was evaluated575

based on the initial and final thickness of the films, measured at576

298 K, at an array of locations across the T -grad sample using577

variable-angle spectroscopic ellipsometry, from where their specific578

volumes (Vsp) were deduced (more details in SI).579
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