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 5 

Abstract. Surface diffusion has been measured in the glass of an organic semiconductor, MTDATA, using 6 

the method of surface grating decay. The decay rate was measured as a function of temperature and grating 7 

wavelength, and the results indicate that the decay mechanism is viscous flow at high temperatures and 8 

surface diffusion at low temperatures. Surface diffusion in MTDATA is enhanced by 4 orders of 9 

magnitude relative to the bulk rate when compared at Tg. The result on MTDATA has been analyzed along 10 

with the results on other molecular glasses without extensive hydrogen bonds. In total, these systems cover 11 

a wide range of molecular geometries from rod-like to quasi-spherical to discotic and their surface 12 

diffusion coefficients vary by 9 orders of magnitude. We find that the variation is well explained by the 13 

existence of a steep surface mobility gradient and the anchoring of surface molecules at different depths. 14 

Quantitative analysis of these results supports a recently proposed double-exponential form for the 15 

mobility gradient: log D (T, z) = log Dv (T) + [log D0 – log Dv(T)] exp (- z / ξ), where D (T, z) is the depth-16 

dependent diffusion coefficient, Dv (T) is the bulk diffusion coefficient, D0 ≈ 10-8 m2/s, and ξ ≈ 1.5 nm. 17 

Assuming a representative bulk diffusion coefficient for fragile glass formers, it reproduces the presently 18 

known surface diffusion rates within 0.6 decade. Our result is relevant for predicting the surface diffusion 19 

rates in molecular glasses. 20 

 21 

 22 

  23 



Introduction 24 

Molecules at the surface of a liquid or glass experience a different environment from those in the bulk and 25 

as a result, can have different packing arrangements and dynamics.1,2,3 The surface dynamics of glasses 26 

plays a key role in their stability and fabrication; for example, surface mobility enables fast local crystal 27 

growth, 4 , 5  preparation of ultra-stable glasses by physical vapor deposition, 6 , 7  transformation of 28 

nanostructures,8,9 and cold welding.10 29 

 30 

The substance of this study, 4,4',4''-Tris[(3-methylphenyl)phenylamino]triphenylamine (MTDATA, 31 

Scheme 1), exemplifies a discotic “starburst” molecule synthesized as a hole-transport material in organic 32 

light-emitting diodes (OLEDs).11,12,13,14 Given that 33 

active layers in OLEDs are often amorphous films 34 

prepared by physical vapor deposition (PVD), 35 

understanding the surface dynamics during 36 

deposition helps control film structure and device 37 

performance. 15 , 16    Efficient surface equilibration 38 

enables the preparation of high-density, high-39 

stability glass films 17  with controlled anisotropic 40 

packing.18 In this work, we investigate the surface 41 

diffusion of MTDATA, an important measure of its 42 

surface mobility. 43 

 44 

Apart from its importance in organic electronics, MTDATA is relevant for understanding surface diffusion. 45 

Previous work has observed a large variation of the surface diffusion coefficient Ds between materials.19 46 

For molecular glasses without extensive hydrogen bonds (e.g., MTDATA), Li et al. observed that the 47 

variation of Ds correlates with the depth of penetration of surface molecules.20 That is, the deeper a 48 

molecule penetrates into the bulk, the lower its surface diffusion rate. This is attributed to the existence of 49 

a steep mobility gradient beneath the surface and argued that lateral diffusion of a molecule is essentially 50 

limited by its deepest part where mobility is lowest. The collection of molecules on which their conclusion 51 

is based has quasi-spherical, chain-like, and rod-like geometries, but no discotic molecules like MTDATA. 52 

Here we test the conclusion for a discotic molecule. In addition, we examine the depth profile of surface 53 

mobility using all available data across all measurement temperatures.  54 

 
Scheme 1. Molecular structure of MTDATA. On the 
right are DFT optimized structures in top and side 
views. 
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We report that surface diffusion in an MTDATA glass significantly outpaces bulk diffusion, by 55 

approximately 4 orders of magnitude when compared at Tg. Despite this new discotic geometry, the 56 

MTDATA result is fully consistent with the previous conclusion that the depth of penetration controls the 57 

lateral diffusion of molecules at the liquid/vapor interface. We show that all the molecular glasses studied 58 

to date without extensive hydrogen bonds are characterized by a similar surface mobility gradient. The 59 

depth profile of this mobility gradient has the double-exponential form observed by simulations21,22 and 60 

we use the available surface-diffusion data to determine the parameters that characterize the mobility 61 

gradient. 62 

 63 

Experimental Section 64 

4,4',4''-Tris[(3-methylphenyl)phenylamino]triphenylamine (MTDATA, sublimed, purity > 98%) was 65 

obtained from Ossila and used as received. Tg of MTDATA was determined by the onset of glass transition 66 

during 10 K/min heating using Differential Scanning Calorimetry (DSC, TA Q2000). To make a surface 67 

grating, a master pattern was placed on a viscous liquid of MTDATA at 388 K. The master was removed 68 

after vitrifying the liquid at 323 K, producing a corrugated surface. Master gratings of different 69 

wavelengths were purchased or fabricated. For λ = 1000 nm and 1984 nm, plastic gratings were purchased 70 

from Rainbow Symphony; for λ = 334 nm and 729 nm, the masters were duplicated from a Blu-ray or 71 

DVD disc through a UV-curing polymer (Norland Optical Adhesive 61); for λ = 424 and 3322 nm, the 72 

masters were duplicated from a glass grating (Spectrum Scientific) through the same transfer process. All 73 

masters were coated with 10 nm gold before use (Sputter Deposition System, Leica ACE600) to minimize 74 

contamination during subsequent use. The thickness of each embossed MTDATA glass film was 50 – 100 75 

μm, much larger than the wavelength of any surface grating used, ensuring that the evolution of the top 76 

surface was unaffected by the substrate.  77 

The evolution of a surface grating was measured by either Atomic Force Microscopy (AFM, Bruker Veeco 78 

Multiple Mode IV) or laser diffraction. AFM was performed in the tapping mode; the amplitude h of the 79 

sinusoidal surface was obtained by Fourier transforming the height profile. Laser diffraction was used to 80 

determine faster decays than feasible with AFM. A HeNe laser (λ = 632.8 nm, Uniphase Corp.) passed 81 

through a surface grating sample in a transmission geometry and the first-order diffraction was captured 82 

by a silicon amplified detector (Thorlabs) interfacing with a National Instruments LabVIEW program. 83 

The two methods yielded identical results within experimental error when applied to the same decay 84 



process. During grating decay, the sample was purged with dry nitrogen and its temperature was controlled 85 

within 0.1 K with a Linkam microscope temperature stage or a custom-made mini-oven.  86 

Density functional theory (DFT) calculations were performed in Molpro 2015 software23 through the ASE 87 

interface24, using the Perdew-Burke-Ernzerhof exchange-correlation functional25 combined with DFT-D3 88 

dispersion correction.26 Dunning style aug-cc-pVDZ basis sets27 were used. Geometry of the molecule 89 

was relaxed until maximum force on atoms was less than 0.01 eV/A.  90 

 91 

Results 92 

The method of surface grating decay was used to 93 

investigate the surface diffusion in amorphous 94 

MTDATA. Figure 1 shows the typical decay kinetics 95 

recorded by laser diffraction (Figure 1a) and by AFM 96 

(Figure 1b). Laser diffraction was used to measure fast 97 

decays at high temperatures and AFM to measure slow 98 

decays at low temperatures. We observed exponential 99 

decays. The decay constant K was obtained by fitting the 100 

grating amplitude h from AFM to the function h = h0 101 

exp(-Kt) and the diffraction intensity I to (I/I0)1/2 = exp(-102 

Kt), accounting for the fact that I ∝ h2. The decay constant 103 

is plotted in Figure 2 as a function of temperature for λ = 104 

334 nm. 105 

 106 

According to Mullins,28 the amplitude h of a sinusoidal 107 

surface contour decreases exponentially over time, h = h0 108 

exp(-Kt), and the decay rate K is given by: 109 

𝐾𝐾 = 𝐹𝐹𝐹𝐹 + 𝐴𝐴𝑞𝑞2 + (𝐴𝐴′ + 𝐶𝐶)𝑞𝑞3 + 𝐵𝐵𝑞𝑞4                         (1) 110 

In eq. 1, q = 2π/λ, where λ is the wavelength of the grating, and the different terms correspond to the 111 

different mechanisms of surface evolution: viscous flow (the F term), evaporation-condensation (A and 112 

 
Figure 1. Decay kinetics of MTDATA surface 
gratings. (a) At 373 K, recorded by laser 
diffraction (λ = 1000 nm). (b) At 328 K, recorded 
by AFM (λ = 334 nm). Inset: AFM images at two 
time points.  



A’), bulk diffusion (C), and surface diffusion (B). Among 113 

these, viscous flow and surface diffusion are the 114 

dominant mechanisms for surface evolution of molecular 115 

glasses near Tg.1,20 These two terms are given by: F = 116 

γ/2η and B = DsγΩ2ν /(kT), where γ is the surface tension, 117 

η the viscosity, Ds the surface diffusion coefficient,  Ω 118 

the molecular volume, ν the areal density of surface 119 

molecules, and k the Boltzmann constant. 120 

 121 

Figure 2 shows that the decay constant K has stronger 122 

temperature dependence at high temperature than at low 123 

temperatures and the transition occurs around the DSC Tg 124 

(vertical line). To determine the mechanism of surface 125 

evolution, we measured the wavelength dependence of K. 126 

According to Mullins (eq. 1), viscous relaxation of a 127 

surface is characterized by K ∝ λ-1, whereas flattening by 128 

surface diffusion by K ∝ λ-4. Figure 3 shows the 129 

wavelength dependence of K at 363 K and 343 K, with 130 

363 K falling in the high-temperature region of Figure 2 131 

and 343 K in the low-temperature region. At 363 K, we 132 

observe K ∝ λ-1.1, and at 343 K, K ∝ λ-3.7. Thus the 133 

wavelength test verifies a change of decay mechanism 134 

from viscous flow at high temperatures to surface 135 

diffusion at low temperatures. 136 

 137 

As a further test of viscous flow as the high-temperature 138 

decay mechanism, we calculate the viscosity of 139 

MTDATA from the decay constant above 353 K. For this decay mechanism, K = Fq = π γ / (λη), yielding 140 

η = πγ / λK. The calculated viscosity is shown in Figure 2 using the second y axis. In this calculation, we 141 

Figure 2. Grating decay constant K plotted 
against temperature. Viscosity is calculated from 
the decay constant and shown using the second y 
axis.  

λ = 334 nm
Tg = 350 K

Viscous 
flow

Surface 
diffusion

 
Figure 3. (a) Grating decay constants plotted 
against wavelength of the surface gratings. (b) 
Surface diffusion rate as a function of 
temperature.  
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assume γ = 0.05 N/m, a typical value for the surface tension of organic liquids. The upper curve in Figure 142 

2 is a fit of the calculated viscosity to the Vogel-Fulcher-Tammann (VFT) equation, log η = A + B / (T – 143 

T0). This function is known to provide an accurate description of the temperature dependence of viscosity. 144 

Thus the quality of the VFT fit supports the assignment of viscous flow as the decay mechanism. When 145 

extrapolated to low temperatures, the VFT curve is below the observed decay constants, signaling the 146 

activation of a faster decay mechanism (surface diffusion). From the extrapolation, we obtain ηg = 1010 147 

Pa s at the DSC Tg (350 K), in agreement with the typical values for organic liquids;29 for example, ηg = 148 

109.9 Pa s for OTP30 and 109.5 Pa s for TNB.31 In addition, we obtain the fragility of MTDATA, m = 85, a 149 

typical value for organic liquids. 150 

 151 

From the decay constant at low temperatures, we calculate the surface diffusion coefficient Ds of 152 

MTDATA (eq. 1) and the results are shown in Figure 3b. For this calculation, we assume γ = 0.05 N/m. 153 

Ω = 1.09 nm3 is obtained by the bulk density (assumed to be 1.20 g/cm3) and molecular weight (789.2 154 

g/mol), and ν is obtained from ν = Ω-2/3 = 0.94/nm2. In the temperature range of study, surface diffusion 155 

has an Arrhenius kinetics with an activation energy of Ea = 175 kJ/mol. 156 

  157 

Figure 4 compares the Ds values of MTDATA and 158 

other molecular glasses: ortho-terphenyl (OTP),32 159 

tris-naphthyl benzene (TNB), 33  indomethacin 160 

(IMC),1 polystyrene (PS) oligomers (1110 and 161 

1700 g/mole), 34  and posaconazole (POS).20 The 162 

bulk diffusion coefficients Dv of the same systems 163 

are also plotted when available. 35 , 36 , 37 , 38  The 164 

temperature has been scaled by Tg and in this 165 

format, the Dv values cluster together, while the Ds 166 

values are widely different. The Ds of MTDATA 167 

is at the low end of the measured Ds values, but 168 

still significantly larger than the clustered Dv 169 

values, by approximately 4 orders of magnitude 170 

  
Figure 4. Surface and bulk diffusion coefficients of 
MTDATA and other organic glasses. Tg is the onset 
temperature of glass transition measured by DSC 
during heating at 10 K/min.  

 



when compared at Tg. On this plot, MTDATA and PS 1700 are nearly coincident despite their rather 171 

different molecular weights (789 g/mole and 1700 g/mole). As we discuss later, this arises from their 172 

similar penetration depths into the bulk glass. 173 

 174 

Discussion 175 

We have measured the surface diffusion in the glass of the discotic molecule MTDATA using the method 176 

of surface grating decay. Similar to other molecular glasses, surface evolution occurs by viscous flow at 177 

high temperatures and by surface diffusion at low temperatures. The low-temperature data allowed 178 

calculation of the surface diffusion coefficient of 179 

MTDATA (Figure 3b) for comparison with the values of 180 

other systems (Figure 4). The surface diffusion of 181 

MTDATA is enhanced relative to the typical bulk rate by 182 

4 orders of magnitude when evaluated at Tg. This finding 183 

is consistent with the enhanced stability of MTDATA 184 

glasses prepared by PVD relative to the ordinary liquid-185 

cooled counterpart. 39  We now discuss the MTDATA 186 

result in relation to the other systems investigated and 187 

show that the depth of penetration of surface molecules 188 

plays a central role in defining the rate of surface 189 

diffusion. This allows a quantitative depth profiling of the 190 

surface mobility gradient and our result supports double-191 

exponential form recently observed by simulations. 192 

 193 

Li et al. investigated the effect of the penetration depth of 194 

surface molecules on the rate of surface diffusion.20  They 195 

plotted the surface diffusion coefficient Ds at Tg as a 196 

function of the penetration depth z and observed a 197 

downward trend. We reproduce their plot in Figure 5 and 198 

add the new MTDATA point. The central idea in this 199 

analysis is that a surface molecule can penetrate into the 200 

 

  
Figure 5. Surface diffusion coefficient Ds at Tg 
vs. the penetration depth z. The curve is a fit of 
the data to eq. 2. The calculation of the 
penetration depth z is illustrated at the bottom 
for quasi-spherical, rod-like and discotic 
molecules. z = d for a quasi-spherical molecule, 
where d is molecular diameter. z = L cos θz for a 
rod-like molecule where L is rod length and θz 
the average angle between the long axis and the 
surface normal. z = D sin α for a discotic 
molecule, where D is the disc diameter and α is 
the average angle between the disc normal and 
the surface normal. 
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bulk by one to a few nanometers and according to simulations, local mobility can decrease substantially 201 

in this depth range.22 As a result, the bottom of the molecule would experience a different, lower-mobility 202 

environment from the top and it is the bottom of the molecule that determines the rate of the lateral 203 

diffusion. By this reasoning, the deeper the penetration, the slower the surface diffusion. Li et al. have 204 

treated the calculation of the penetration depths of quasi-spherical and rod-like molecules as illustrated at 205 

the bottom of Figure 5. For a discotic molecule like MTDATA, z = D sin α, where D is the disc diameter 206 

and α is the average angle between the disc normal and the surface normal. For MTDATA, D = 1.9 nm 207 

from DFT calculations. As for the angle α, we recall that the glass film of MTDATA prepared by PVD 208 

onto a substrate held near Tg shows no strong molecular orientation.40 In contrast, significant molecular 209 

orientation exists in the glass film of rod-like molecules deposited near Tg, by inheriting the preferred 210 

orientation at the interface. We interpret this to mean that MTDATA molecules do not have strongly 211 

preferred orientations at the liquid/vapor interface. This interpretation is consistent with the nearly 212 

isotropic near-surface orientation of a similar discotic molecule TCTA recently determined by 213 

Polarization Resonant Soft X-ray Reflectivity. 41  Thus, we take the average value of α  to be 55°, 214 

corresponding to random orientation, and obtain z = 1.6 nm. Figure 6 shows that the MTDATA point joins 215 

the previously observed trend for other molecular shapes. This result indicates that regardless of the 216 

detailed molecular shape, surface diffusion rate is mainly determined by how deeply the molecule 217 

penetrates into the bulk. 218 

 219 

In Figure 6, the Ds vs penetration depth data have been fitted using a double-exponential function:   220 

log Ds (T) = log Dv (T) + A(T) exp (- z/ξ)  (2) 221 

 222 

This function is inspired by the finding by simulations that near-surface structural relaxation time τ (T, z) 223 

has a double-exponential dependence on depth.21,22 This form has been rationalized as a consequence of 224 

geometric-like, layer-wise transfer of caging constraint.42,43 In using this form,20 we follow Ref. 3 and 225 

assume that diffusivity is inversely proportional to τ (T, z) in the mobile surface layer. The physical 226 

meaning of eq. 2 is (1) the activation barrier for diffusion increases exponentially with depth, and (2) the 227 

surface diffusion rate for a given molecule is determined by its deepest part where mobility is the lowest. 228 

In eq. 2, A(T) describes the temperature-dependent difference between surface and bulk mobility, and ξ 229 



describes the rate at which mobility decreases with depth. In this fitting, we fix Dv (Tg) at 10-20 m2/s, a 230 

typical value for molecular glasses at Tg (see Figure 4), and obtain: A (Tg) = 12 and ξ = 1.5 nm. In principle, 231 

each system in Figure 5 has its own A and ξ values, but the successful fitting of all the data to eq. 2 232 

indicates that these systems are well described by a common set of parameters. That is, a similar surface 233 

mobility gradient characterizes all these systems. In this mobility gradient (valid for Tg), the diffusion rate 234 

decreases by 12 orders of magnitude from the surface (z = 0) to the bulk (z = ∞), and the activation energy 235 

for diffusion increases exponentially with depth with a characteristic length of ξ = 1.5 nm. This is a 236 

remarkable result given the large differences between these systems in molecular weight (a factor of 10) 237 

and shape (quasi-spherical, rod-like, chain-like and discotic). One common feature of these systems is the 238 

absence of extensive hydrogen bonding, which has an independent slowing effect on surface diffusion.19  239 

 240 

Given the success of eq. 2 to describe surface diffusion at Tg, we now explore the possibility to generalize 241 

it to all temperatures. For this purpose, we recall that the Ds and Dv values for the same system measured 242 

at different temperatures follow a power law.19 In Figure 6, we plot Ds against Dv for the three systems for 243 

which both properties have been measured: OTP,32,35 TNB,33,36 and IMC. 1,37 For each system, the data are 244 

well described by a power law:  245 

 246 

Ds = Dv x D0 1 − x  (3) 247 

 248 

where x is a coupling constant (0 – 1) and D0 corresponds 249 

to the high-temperature condition at which Ds = Dv. For 250 

all three systems, D0 = 10-8 m2/s is consistent with the 251 

high-temperature extrapolation of the data, converging at 252 

the + sign in Figure 6. For OTP, the validity of eq. 3 and 253 

the D0 value is further supported by simulations 254 

performed near Dv = 10-11 m2/s.44 Eq. 3 is also consistent 255 

with simulations results on other systems (not yet studied 256 

experimentally) as summarized in Ref. 19 and with the 257 

theories of surface mobility.2,3,21,45 The value D0 =10-8 258 

m2/s corresponds to the dynamic state at which the 259 

 
Figure 6. Ds plotted against Dv for 3 systems for 
which both properties have been measured. The 
power law Ds = Dv x D01-x holds for each system, 
where D0 ≈ 10-8 m2/s corresponds to the high-
temperature condition at which Ds = Dv. The 
exponent x is 0.34 for OTP, 0.43 for TNB, and 
0.51 for IMC. 



structural relaxation time is approximately 10 ps (calculated from τ = d 2/(6 D), where d ≈ 0.8 nm to 260 

represent the size of OTP, TNB, and IMC). This value is comparable to the theoretically predicted 261 

conditions under which surface and bulk mobility are equal: τα = 1 ps (Ref. 2), 1 – 10 ps (Ref. 22), 2 ps 262 

(Ref. 45). Empirically, the D0 value of 10-8 m2/s is lower than the typical gas-phase diffusivity (10-5 m2/s)46 263 

and without invoking deep interpretation, comparable to the diffusivity at the critical point at which the 264 

distinction vanishes between liquid and vapor.47,48 265 

 266 

Eq. 3 can be rearranged to read: log Ds (T) = log Dv (T) + [log D0 – log Dv (T)] (1 - x), and comparison 267 

with eq. 2 yields: 268 

 269 

A(T) = log D0 – log Dv(T)  (4) 270 

exp (-z / ξ) = 1 – x   (5) 271 

 272 

Combining eqs. 2, 4, and 5, we obtain: 273 

 274 

log Ds (T) = log Dv (T) + [log D0 – log Dv (T)] exp (- z/ξ)  (6) 275 

 276 

  277 



Eq. 6 allows calculation of Ds at any temperature T from the Dv value at that temperature, the molecule-278 

dependent penetration depth z, and the characteristic 279 

length for the mobility gradient ξ. The validity of eq. 6 280 

depends on the validity of eqs. 2 and 3. We now test the 281 

ability of eq. 6 to describe the temperature dependence of 282 

the measured Ds values. For the systems whose Dv values 283 

are known (OTP, TNB, and IMC), the only adjustable 284 

parameter in eq. 6 is ξ. We optimize ξ for each system to 285 

best fit the measured Ds.  Figure 7a compares the 286 

measured and fitted Ds values. We find an excellent 287 

agreement between the two. From the fits, we obtain ξ = 288 

1.7 nm for OTP, 1.5 nm for TNB, and 1.3 nm for IMC. 289 

These values are reasonably close, consistent with the 290 

notion that the three systems share a similar mobility 291 

gradient. For PS1100 and PS1700, Dv has not been 292 

measured but is known at an adjacent molecular weight 293 

(1900 g/mole).38 We estimate the Dv of PS1100 and 294 

PS1700 from that of PS1900 by Tg scaling and then 295 

perform the same test of eq. 6 as described above. The 296 

results are included in Figure 7a. Again, the measured Ds 297 

values agree well with the fitted values, yielding ξ = 1.4 298 

nm for PS1100 and 1.5 nm for PS1700. Finally, for the systems whose Dv has not been measured, we use 299 

an approximation inspired by the clustering of the Dv values when plotted against Tg/T (Figure 4): 300 

 301 

log Dv (T) = log Dv (Tg) + mD (1 – Tg/T)   (7) 302 

 303 

Eq. 7 is intended to describe the Dv value near Tg where mD is a fragility index for diffusivity, in analogy 304 

to the commonly used m index for viscosity. From a joint fit of the data on OTP, TNB, IMC, and PS1900 305 

for T < 1.05 Tg, we obtain Dv (Tg) = 10-20 m2/s and mD = 53. Eq. 7 reproduces the measured Dv values for 306 

the 4 systems with a standard deviation of 0.3 decade. Using eq. 7, we perform the same test above for 307 

GSF, POS and MTDATA and the results are shown in Figure 7b. We observe a good agreement between 308 

 
Figure 7. Comparison of measured surface 
diffusivity, Ds,expt and the value Ds,calc calculated 
from eq. 6 for the systems whose Dv is known 
(a) and unknown (b). For (b), a generic Dv is 
assumed (eq. 7). In both cases, ξ has been 
adjusted to best fit the observed Ds.  
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measured and calculated Ds values and obtain ξ = 1.7 nm for GSF, 1.4 nm for POS, and 1.6 nm for 309 

MTDATA. These values are all consistent with those obtained for other systems. 310 

 311 

 312 
Table 1. Parameters for surface and bulk diffusion in molecular glasses. 313 

 
M (g/mol) Tg (K) d (nm) a z (nm) x ξ (nm) mD log Dv,g (m2/s) 

OTP 230.3 246 0.70 0.70 0.34 1.7 48.7 -19.5 
TNB 456.6 347 0.87 0.87 0.43 1.5 55.4 -20.2 
IMC 357.8 315 0.76 0.89b 0.51 1.3 52.0 -19.9 

PS1110 990 307 1.17 1.10 0.55c 1.4 55.7 -20.8 
PS1700 1600 319 1.37 1.39 0.60c 1.5 55.7 -20.8 

GSF 352.8 361 0.76 0.76 - 1.7 53d -20e 

MTDATA 789.2 350 1.03 1.56 - 1.6 53d -20e 

POS 700.8 331 0.97 2.18 - 1.4 53d -20e 

a d is the molecular size calculated from d = Ω1/3, where Ω is the molecular volume (molar volume/Avogadro’s number). 314 
All values are from Ref. 20 except for that for MTDATA, which is given above (Ω = 1.09 nm3) to obtain Figure 3b. 315 
b Enlarged slightly from d to reflect hydrogen bonding.19  316 
c Dv used for fitting (eq. 3) is calculated from the data on PS1900 (Ref. 38) by Tg scaling. 317 
e Fixed at typical value for molecular glasses. 318 

 319 

The success of eq. 6 to describe known Ds results using a 320 

similar set of parameters suggests a possibility to predict 321 

the surface diffusion rate for any molecular glass. For this 322 

purpose, we use eq. 6 to predict the Ds for all van der 323 

Waals molecular glasses whose Ds has been measured, 324 

with D0 = 10-8 m2/s and ξ = 1.5 nm. We use eq. 7 to 325 

calculate the Dv values for all the systems (setting aside 326 

the experimentally measured Dv values), with Dv (Tg) ≈ 327 

10-20 m2/s and mD = 53. The results are shown in Figure 328 

8, without distinguishing the individual systems. We see 329 

a reasonably good agreement between predicted and 330 

experimental values with a standard deviation of 0.6 331 

decade. Given the overall span of the Ds data over 9 orders 332 

of magnitude, the preliminary success is encouraging. 333 

One source of error for this model is the accuracy of eq. 7 to describe bulk diffusion (the standard deviation 334 

already amounts to 0.3 decade for the training set). The additional error comes from the slight system-to-335 

 
Figure 8. Comparison of measured and 
predicted surface diffusivity, Ds,expt. and Ds,pred. 
Eqs. 6 and 7 are used for this prediction with ξ = 
1.5 nm, D0 = 10-8 m2/s, Dv (Tg) = 10-20 m2/s, and 
mD = 53. 



system variation of the ξ value (Table 1). Nevertheless, this model and its refinement have the potential 336 

to predict the surface diffusion rate in any non-hydrogen-bonded molecular glass from nothing more than 337 

its molecular structure. 338 

 339 

Although this work was conducted to understand surface diffusion in glasses, the results provide 340 

information on the near-surface mobility gradient, a topic of significant current interest.21,49 Below we 341 

discuss our two key conclusions and relate them to the literature: (1) the power-law relation between 342 

surface and bulk mobility (eq. 3) and (2) a generic surface mobility gradient with a double exponential 343 

dependence on depth z.  344 

 345 

Eq. 3 is an empirical formula that describes the experimental data on three systems (OTP, TNB, and IMC; 346 

Figure 6). For each system, eq. 3 describes the relationship between the surface and bulk diffusivity, Ds 347 

and Dv, measured over a range of temperature. The three systems show different degrees of decoupling 348 

between Ds and Dv (different x) but have a similar high-mobility state (D0 ≈ 10-8 m2/s) at which Ds = Dv. 349 

We now show that eq. 3 is consistent with an equation based on the simulation results of Diaz-Vela et 350 

al.50 and augmented later:21 351 

 352 

τ (T, z) = τα (T) 1−ε(z) τ* ε(z)   (8) 353 

 354 

where τ (T, z) is the depth (z)-dependent structural relaxation time, τα (T) is the bulk structural relaxation 355 

time, ε(z) is a decoupling index between 0 and 1, and τ* = 1 – 10 ps.21 ε characterizes the degree to which 356 

τ (T, z) decouples from τα (T) with ε ≈ 1 signifying large decoupling that occurs near the top of the surface 357 

and 0 for no decoupling deep in the bulk. Diaz-Vela et al. showed that at low enough bulk mobility 358 

(τα >> τ*), ε is weakly dependent on temperature and a function of z only. 359 

 360 

If we assume a surface molecule’s penetration depth into the bulk is weakly dependent on temperature, its 361 

bottom position z in the surface mobility gradient is nearly constant. Assuming the molecule’s lateral 362 

mobility (surface diffusion) is limited by the mobility of its deepest part, we obtain 363 

 364 
τs (T) = τα (T) 1−ε τ* ε    (9) 365 

 366 



where τs is the surface relaxation time. (z is dropped in eq. 9 as it is nearly constant for a given molecule.) 367 

Eq. 9 leads to eq. 3 if we assume D ∝ τ−1. The constant x in eq. 3 is related to ε in eq. 9 by: x = 1 – ε. For 368 

consistency, D0 in eq. 3 should correspond to τ* in eq. 9, both describing the dynamic state at which 369 

surface and bulk mobility are equal. To test this, we recall the earlier result that D0 = 10-8 m2/s corresponds 370 

to τ ≈ 10 ps for d ≈ 0.8 nm, which is close to  τ* = 1 – 10 ps.21 We view this coherent picture as an 371 

experimental support for Eq. 8, a simulation-based result.  372 

We now turn to the features of the surface mobility gradient inferred from our study of surface diffusion 373 

rates. For non-hydrogen-bonding glass-forming molecular liquids, our results suggest a generic surface 374 

mobility gradient of the form: 375 

 376 

log D (T, z) = log Dv (T) + A(T) exp (- z / ξ)    (10) 377 

 378 

where D (T, z) is the depth-dependent local diffusivity, and all other parameters have been defined above. 379 

Note that eq. 10 is different from eq. 2 in that it describes the variation of mobility with depth z, while eq. 380 

2 describes how the overall surface diffusion rate Ds depends on the depth of penetration (for a given 381 

system the penetration depth is fixed; see Table 1). We justify eq. 10 on the basis that (1) eq. 2 accurately 382 

describes our Ds results (Figures 7 and 8) and (2) each observed Ds presumably reports the mobility at the 383 

bottom of a surface molecule. Based on this work, the parameters in eq. 10 are: ξ ≈ 1.5 nm; A (T) = log 384 

D0 – log Dv(T), where D0 ≈ 10-8 m2/s. At the DSC Tg, A (Tg) ≈ 12.  385 

 386 

Given that a double-exponential profile of the surface mobility gradient has been proposed based on 387 

simulation results and theoretical analysis, we view its ability to describe our results as an experimental 388 

support for this profile. Our finding of ξ ≈ 1.5 nm for non-hydrogen-bonding molecular liquids is in 389 

reasonable agreement the simulation and theoretical results (ξ = 2–3 d, where d is bead diameter).21,42 It 390 

is noteworthy, however, that the values from simulations and theory are often reported to scale with the 391 

molecular size d. Our values (Table 1) do not appear to show such scaling behavior. As for the amplitude 392 

A in eq. 10, the simulations summarized in Ref. 21 indicate A = 2–4, obtained for systems of higher 393 

mobility (τα ~ 1 ns) than the experimental systems. Using 1 ns for τα and our expression for A(T) in eq. 394 

10, we estimate A (T) ≈ 2, in fair agreement with the simulation results. Based on the ECNLE theory, Phan 395 

and Schweizer obtain A (Tg) = 12 for hard spheres and 11–17 for real polymers mapped onto the model, 396 



where Tg is the temperature at which τα = 100 s (close to the value at the DSC Tg, ~10 s).42 Overall, there 397 

is encouraging agreement between simulations, theory, and experiment on the double-exponential profile 398 

for the surface mobility gradient, while the details of the gradient and its system dependence awaits future 399 

clarification. 400 

 401 

Conclusions  402 

In this work, we have applied the method of surface grating decay to measure the surface diffusion in the 403 

glass of a discotic organic semiconductor, MTDATA. The high-temperature decay occurs by viscous flow 404 

and the low-temperature decay by surface diffusion (Figures 2 and 3). The surface diffusion of MTDATA 405 

is enhanced relative to the bulk rate by 4 orders of magnitude at Tg (Figure 4). The MTDATA result joins 406 

the previously observed trend between surface diffusivity and penetration depth (Figure 5). This argues 407 

for a generic surface mobility gradient for non-hydrogen-bonded molecular glasses with a double-408 

exponential decrease of mobility with depth (eq. 2). The power-law relation between surface and bulk 409 

diffusivity (eq. 3) provides access to the parameters characterizing the double-exponential mobility 410 

gradient, leading to an equation (eq. 6) useful for fitting (Figure 7) and predicting (Figure 8) the surface 411 

diffusion coefficient. This model has the potential to predict surface diffusion in molecular glasses from 412 

the molecular structure alone. This ability is relevant for predicting surface crystallization rates. As 413 

systems with large surface diffusion coefficients often produce highly stable glasses via PVD, this model 414 

also provides a route to improve device stability and performance. 415 

 416 

Under the assumption that surface diffusion is limited by the mobility at the deepest anchoring point of 417 

surface molecules, our results can be used to provide a depth profile of near-surface mobility. Our results 418 

support the recently proposed double-exponential form for the surface mobility gradient and give a 419 

quantitative description of this gradient in terms of diffusivity (eq. 10) with D0 ≈ 10-8 m2/s and ξ ≈ 1.5 nm. 420 

It is intriguing that despite the different molecular weights and shapes of the systems investigated, they 421 

all appear to have a similar surface mobility gradient. This finding can be further examined by simulations 422 

where molecular size and geometry are systematically varied to test the robustness of a generic mobility 423 

gradient. While this work has focused on non-hydrogen-bonding molecular glasses, how the introduction 424 

of hydrogen bonds affects the mobility gradient deserves future investigation. 425 
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