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ABSTRACT: The adsorption of α-pinene to solid surfaces is an important primary
step during the chemical conversion of this common terpene over mesoporous
materials, as well as during the formation of atmospheric aerosols. We provide
evidence of tight and loose physisorbed states of α-pinene bound on amorphous SiO2
as determined by their adsorption entropy, enthalpy, and binding free energies
characterized by computational modeling and vibrational sum frequency generation
(SFG) spectroscopy. We ﬁnd that adsorption is partially (40−60%) irreversible over
days at 294−342 K and 1 ATM total pressure of helium, which is supported by
molecular dynamics (MD) simulations. The distribution of α-pinene orientation
remains invariant with temperature and partial pressure of α-pinene. Using the
Redlich−Peterson adsorption model in conjunction with a van’t Hoﬀ analysis of
adsorption isotherms recorded for up to 2.6 Torr α-pinene in 1 ATM total pressure of
helium, we obtain ΔS°ads, ΔH°ads, and ΔG°ads values of −57 (±7) J mol−1 K−1, −39
(±2) kJ mol−1, and −22 (±5) kJ mol−1, respectively, associated with the reversibly bound population of α-pinene. These values
are in good agreement with density functional theory (DFT)-corrected force ﬁeld calculations based on conﬁgurational sampling
from MD simulations. Our ﬁndings are expected to have direct implications on the conversion of terpenes by silica-based
catalysts and for the synthesis of secondary organic aerosol (SOA) in atmospheric chambers and ﬂow tubes.

I. INTRODUCTION

thermodynamic parameters of adsorption as well as the
distributions of surface-bound molecular orientations.

Molecular dynamics (MD) simulations have suggested that αpinene adsorbed to fused silica is rotationally ﬂuid, with two
predominant states characterized by signiﬁcantly diﬀerent
rotational reorientation periods, the population of α-pinene
molecules with shorter time scales being stabilized by rotational
entropy.1 This insight into the adsorption mechanism may
impact α-pinene conversion into organic frameworks,2−5
mesoporous materials,2,3,6−11 and aerosol particle formation,12−15 particularly due to the highly dynamic variability
with which the CC system may become accessible to
oxidation when located in interfacial environments. While MD
simulations established a precedent to study heterogeneous
interactions of terpenes on solid substrates, the reversibility and
thermodynamics of α-pinene interactions with solid substrates
have heretofore not been probed nor quantiﬁed. Here, we
bridge this knowledge gap by pairing vibrational sum frequency
generation (SFG) spectroscopy with classical MD simulations
to characterize tightly and loosely bound adsorption states of αpinene on fused silica housed in a temperature-controlled αpinene vapor/He ﬂow cell. We quantify the extent of
reversibility in the adsorption process and determine the
© 2017 American Chemical Society

II. METHODS
IIA. SFG Spectroscopy. A detailed description of the
broad-band SFG setup tuned to the C−H stretching region
(2800−3200 cm−1) used in this study has been provided in
previous work.16−20 All “room temperature” SFG experiments
were performed in a sample cell housed in a laboratory
maintained at 21−23 °C temperature and 20−30% relative
humidity. We utilized ssp and ppp polarization combinations,
which are used to assess molecular orientation distributions.21−25
The ﬂow system and sample cell used in this study are shown
in Figure 1. For the temperature-dependent measurements, the
design was adapted from our previously published work.19
Brieﬂy, a home-built aluminum ﬂow cell (Figure 1A) of similar
volume (roughly 7 cm3) to our previously described Teﬂon cell
was outﬁtted with two low density cartridge heaters (Omega
Engineering, LDC00014) connected to a Eurotherm power
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Figure 1. Aluminum sample temperature cell used in the temperature-dependent SFG experiments described in the Methods section (A). This
sample cell is hooked up to the α-pinene/He ﬂow setup shown in (B).

the relative ﬂow rates of dry helium and helium ﬂowing through
the α-pinene bubbler. The SFG spectra were collected within
ca. 20 s after adjusting the gas ﬂow on the MFCs. The room
temperature adsorption isotherm reported is an average of eight
individual isotherms, whereas the higher temperature isotherms
are an average of duplicates or triplicates.
Fourier Transform Infrared (FTIR) spectroscopy was used
for experimental controls (showing, most importantly, no
residual α-pinene in the ﬂow lines or the ﬂow cell when ﬂowing
helium following α-pinene ﬂow, at least within the FTIR
sensitivity) and α-pinene vapor pressure calibration. These
experiments are detailed in SI Section 3.
IIB. Computational Methods. MD simulations have been
performed as described thoroughly in a recent study.1 Brieﬂy,
MD simulations were performed on a model of amorphous
silica based on a 11.5 × 11.5 × 2 nm slab adopted from the
work of Cruz-Chu et al.,26 with a surface concentration of [αpinene] = 1/nm2 (i.e., 130 α-pinene molecules). We employed
CHARMM force ﬁeld parameters for amorphous silica,
optimized to reproduce the water contact angle (denoted by
CWCA FF), and CHARMM General force ﬁeld (CGenFF)

supply/temperature controller, and thermal feedback was
provided with a Type K thermocouple (McMaster Carr).
Before each experiment, the ﬂow cell, the Viton O-ring, and the
optical window were rinsed with HPLC-grade methanol (when
using just the Teﬂon ﬂow cell described in ref 10) and
Millipore water (when using both the Teﬂon and the aluminum
ﬂow cells), and then dried with nitrogen gas and subsequently
in an oven, as described earlier.19 The Viton O-ring, Teﬂon cell,
and windows were plasma-cleaned for ∼10−12 min immediately before acquiring SFG spectra. In the spectroscopy
experiments, an IR-grade fused silica window was pressed
against a Viton O-ring sealing it to the ﬂow cell. The ﬂow setup
(Figure 1B) consisted of a dry helium ﬂow line, connected by
corrugated tubing (corrugated FEP tubing, Cole-Parmer), and
an α-pinene vapor ﬂow line, wherein dry helium was passed
through a bubbler containing roughly 10 mL of liquid (−)-αpinene (98% purity, Sigma-Aldrich). Electronic mass ﬂow
controllers (MFCs) (Alicat Scientiﬁc) were used to regulate
ﬂow rates for both lines. Flow rates are reported in SLPM
(standard liter per minute).
For the α-pinene adsorption isotherm measurements, we
employed a total ﬂow rate of either 5 or 10 SLPM by adjusting
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Figure 2. Average on−oﬀ trace for 5 SLPM α-pinene and He normalized to the maximum ssp-polarized SFG signal intensity (A), and the individual
ssp-polarized SFG spectra (B) of pure He ﬂow (black trace), 5 SLPM α-pinene ﬂow (blue trace, oﬀset), and 5 SLPM He ﬂow after α-pinene
exposure (green trace, oﬀset).

parameters for α-pinene.26 All MD simulations were carried out
using the NAMD program.27
The enthalpy of adsorption (at 298 K) was estimated for
individual α-pinene molecules by randomly selecting 400
frames along a given 10 ns trajectory. The binding energy
was calculated for each frame and the enthalpy of adsorption
was obtained as the average over all frames. The uncertainty in
the point estimate of the enthalpy of adsorption corresponds to
two standard deviations (2σ) based on ﬁve independent
simulations. The adsorption free energy was estimated
considering that a third of the translational entropy is lost
upon adsorption,28,29 with α-pinene adsorbed on the silica
surface as shown by MD simulations. Based on the ideal gas
translational partition function, the resulting estimate corresponds to a ΔSads of approximately −57 J mol−1 K−1. The
contact area between each α-pinene molecule and the silica
surface was obtained from the diﬀerence between the surface
area of the separate fragments, and the corresponding adsorbed
conﬁguration. A scaling factor of 1.2 was applied to the van der
Waals radii (deﬁned in VMD), and reported contact areas
correspond to the averages over all 400 frames.
The analysis of the electronic contributions to the
interactions between α-pinene and the silica surface involved
density functional theory (DFT, ωB97XD/6-31G(d)) calculations30 on a cluster model. A bowl-shaped cluster (304
atoms) was carved from the silica slab used for the MD
simulations, and the dangling bonds were capped with
hydrogen atoms. Snapshots of α-pinene molecule at diﬀerent
orientations above the cluster were selected from the MD
trajectory and the DFT interaction energies were evaluated by
carrying out single-point calculations including counterpoise
correction for basis set superposition error.31,32 The analysis
indicated that the CHARMM force ﬁeld overestimates on
average the binding interaction by ca. 12 kJ mol−1 relative to
ωB97XD/6-31G(d) values. Therefore, we applied this
correction factor to the CHARMM adsorption enthalpies as
described in the Supporting Information (Section S8).

Section S7). Considerable SFG signal intensity was detected for
up to 3 days after an initial α-pinene exposure lasting less than
10 min and subsequently leaving the optical window out under
ambient conditions (albeit covered in a Petri dish). Further, we
observe persistent SFG signal, albeit often decreased signal
intensities, after ﬂowing He or N2 at ﬂow rates of up to 10
SLPM. We observe nearly complete loss in signal intensity
following α-pinene exposure when we rinse the optical window
with HPLC-grade methanol and allow the methanol to
evaporate. We carried out analogous on−oﬀ experiments at
69 °C, where α-pinene has a higher vapor pressure of ∼45
Torr, and observed similar adsorption reversibility to that at
room temperature, which suggests that the extent of
reversibility may be independent of vapor pressure.
To further understand these results, we found that the extent
of adsorption reversibility of α-pinene to fused silica between
room temperature and 69 °C diﬀers from that observed for
hexane, which has a higher vapor pressure (∼120 Torr at room
temperature), adsorbed to fused silica. We recorded, in
triplicate, hexane vapor/SiO2 on−oﬀ traces and observed that
the adsorption process is fully reversible over the time scale of
our measurements. In fact, within 1 min, the SFG signal was
reduced to nearly the baseline. The average hexane on−oﬀ
trace is given in the Supporting Information (Section S4).
While hexane and α-pinene are hydrocarbons with very
diﬀerent molecular structures, this ﬁnding further suggests
that vapor pressure alone may not determine the reversibility
extent. The diﬀerence in these adsorption behavior may be due
to the fact that the crater-like pockets on the silica surface may
better accommodate the bicyclic structure of α-pinene than the
linear hexane molecule. Future work will be carried out to
further connect the structure of a number of hydrocarbons to
adsorption reversibility.
We also recorded an on−oﬀ trace for α-pinene using a CaF2
substrate and observed partial reversibility, just like with fused
silica. This result suggests that the binding of α-pinene to fused
silica is not uniquely dominated or necessarily enhanced by
interactions with the Si−OH groups on the substrate surface.
IIIB. DFT-Corrected CHARMM Force-Field Calculations
of ΔGads, ΔHads, and ΔSads. The consistent observation of
partial reversibility of α-pinene bound to fused silica at room
temperature suggests that there may be two types of α-pinene
on the silica substrate: a “loosely bound” state of α-pinene that
desorbs readily upon helium ﬂow, and a “tightly bound”
population. These ﬁndings support our recent work,1 where we
employed classical MD simulations to sample 130 α-pinene
molecules on a fused silica slab. We identiﬁed a population (ca.
50% of the total population) of α-pinene molecules stabilized
by rotational entropy, with a calculated rotational entropic

III. RESULTS AND DISCUSSION
IIIA. SFG Experiments of α-Pinene Adsorption to Silica
Indicate Partial Reversibility over a Long Time Scale,
Revealing Two Bound States of α-Pinene. We observe
partial reversibility of α-pinene adsorption to silica (Figure 2)
by alternating between α-pinene vapor/He ﬂow and pure He
ﬂow at room temperature. We consistently observe a ∼ 30−
60% decrease in the ssp-polarized SFG signal intensity when
ﬂowing He gas across the optical windows after 2.3, 0.1, and
0.02 Torr α-pinene exposures (see Supporting Information,
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stabilization energy relative to the static state of ∼11 kJ mol−1
at 300 K. We determined that the other half of the α-pinene
population has a rotational reorientation period of ∼2500 ps,
signiﬁcantly longer than the 50 ps rotational reorientation time
of the rotationally ﬂuid state. Long rotational reorientation
times suggest that α-pinene molecules are rotationally hindered,
exhibiting less rotational entropic stabilization, and are more
tightly bound to the silica surface.
To further investigate the nature of the binding modes, we
obtained thermodynamic parameters for the adsorption and
desorption process by computational modeling. The interaction
energy with the silica surface was averaged over 400 snapshots
sampled along a 10 ns MD trajectory to yield the adsorption
enthalpy for individual α-pinene molecules. Figure 3 shows the

Figure 4. (A) MD snapshot of selected α-pinene on part of the fused
silica slab. Calculated adsorption enthalpy (in kJ/mol) are also shown.
(B) The XY plot of adsorption enthalpy versus surface contact area for
130 α-pinene molecules.

adsorption) deﬁne the population that contributes most to the
desorption process. From ﬁve trajectories, we obtained average
rate constants ⟨k⟩ in eq 1 that yielded ΔGads = −20 ± 4 kJ
mol−1 and ΔHads = −37 ± 4 kJ mol−1 (with ΔSads = −57 J
mol−1 K−1). As discussed next, the calculated values are in good
agreement with the results obtained from our experimental
adsorption isotherms.
IIIC. Experimental Adsorption Isotherms Are in Close
Agreement with Values Computed from MD Simulations. The adsorption isotherms were obtained by integrating
the ssp-polarized SFG signal intensity over the 2800−3050
cm−1 range for each spectrum, and then plotting the square
root of this integral33,34 as a function of α-pinene partial
pressure. We obtained adsorption isotherms at ﬁve diﬀerent
temperatures (Figure 5A). We ﬁt each isotherm to obtain
temperature-dependent K°ads values after correcting for the
standard state atmospheric pressure (760 Torr).29 Ln(K°ads) vs.

Figure 3. Histogram showing the distribution of ΔH°ads values
calculated from MD simulations.

distribution of the DFT-corrected adsorption enthalpies, which
span over the range from −37 to −125 kJ mol−1. The
distribution of adsorption enthalpies reﬂects the heterogeneity
of the amorphous silica surface. Figure 4A shows a snapshot
from the MD simulations of selected α-pinene molecules with
very diﬀerent adsorption enthalpies. The surface is undulating,
and is covered with “craters” of diﬀerent shapes and sizes, some
of which can accommodate α-pinene molecules better than
others. The molecule with the strongest adsorption enthalpy is
shown to ﬁt snugly in one of the craters on the surface. As
hypothesized in our earlier work,1 tightly bound α-pinene
molecules, with long rotational reorientation times through
hindered rotations on the surface, are associated with larger van
der Waals contact with the surface. This is conﬁrmed in Figure
4B where there is a strong and direct correlation between the
adsorption enthalpy and surface contact area.
Since adsorption/desorption of α-pinene on silica is
approximately barrierless, we estimated the barrier to
desorption to be that of the adsorption free energy, i.e.,
ΔGads ∼ ΔG‡. Accordingly, the desorption rate constant for
each α-pinene molecule on the model surface was computed
using enthalpy of adsorption obtained from MD simulations,
and a uniform ΔSads = −57 J mol−1 K−1 estimated from the loss
of a third of translational entropy.28,29 The rate constants were
then averaged over all molecules (N = 130) as follows:
⟨k⟩ =

1 kBT
N h

Figure 5. Square root of the ssp-polarized SFG signal intensity (SFG
E-ﬁeld) as a function of α-pinene pressure were plotted at varying
temperatures (A), and were normalized to the max E-ﬁeld per
temperature. The adsorption isotherms were ﬁt to the Redlich−
Peterson adsorption model, and subsequent Kads values were used to
construct a van’t Hoﬀ plot (B) to determine ΔG°ads, ΔH°ads, and
ΔS°ads.

N

∑ exp(−ΔGi /RT )
i=1

(1)

According to the ensemble average of eq 1, the “loosely”
bound α-pinene molecules (i.e., those associated with reversible
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T was plotted and ﬁt to the the van’t Hoﬀ linear equation
(Figure 5B), and ΔH°ads and ΔS°ads values were obtained by
the slope and y-intercept, respectively. The uncertainties in
these values are determined by the standard deviation of the ﬁt
values (Figure 5B). Speciﬁcally, we carried out a global ﬁt
analysis for all adsorption isotherms using various adsorption
models, including Langmuir, Langmuir−Freundlich, and the
dual-site variants of these models (detailed in Section S5 in the
SI). We have also considered the Redlich−Peterson (R−P)
adsorption model, a “useful adsorption isotherm”35 that is a
hybrid of the Langmuir and Freundlich isotherm models
applicable for both heterogeneous and homogeneous surfaces.36−38 The expressions for the Langmuir and Redlich−
Peterson models are shown in eq 2 and 3, respectively:

f (P ) =

a × KP
1 + KP

(2)

f (P ) =

AP
1 + BP g

(3)

with the Redlich-Peterson model. This diﬀerence is curious
since the Redlich−Peterson and the Langmuir models converge
as g in eq 3 approaches unity. The ﬁtted g-values obtained from
the R−P model ranged from 0.95 ± 0.01 (at 21 °C) to 0.99 ±
0.04 (at 68 °C) suggesting that ΔG°ads should be very similar in
both models. This is indeed the case (as shown in Tables S3
and S4), where the Gibbs free energies of adsorption from the
two models diﬀer by less than 1 kJ mol−1 across various
temperatures. The diﬀerences in the resulting ΔH°ads and
ΔS°ads from the Redlich−Peterson and Langmuir models,
therefore, reﬂect the sensitivity of these values to minute
changes in ΔG°ads used in the van’t Hoﬀ equation.
Overall, we consider the Redlich−Peterson model to be the
most reliable for the following reasons: (1) There is overall
good agreement between R−P and theoretical thermodynamic
parameters. The experimental and theoretical ΔHads are in close
agreement. This is also the case for the values of ΔSads and
ΔGads; however, comparison between theory and experiment
for these quantities is complicated by deﬁnitions of standard
states. (2) The value for ΔS°ads is physically reasonable. The
other models (Langmuir, Langmuir−Freundlich, Dual-Site
Langmuir−Freundlich) either display ΔS°ads that are less than
a sixth of the translational entropy, or ΔHads values that diﬀer
signiﬁcantly from simulations.
IIID. Experiments and Simulations Reveal Negligible
Changes in Molecular Orientation but Considerable
Decreases in Surface Coverage with Increasing Temperature. Changes in molecular orientation distributions with
increasing temperature and/or partial pressure could contribute
to changes in SFG intensity. This can be determined by
measuring SFG spectra in both ssp and ppp polarization
combinations. Speciﬁcally, by evaluating the ppp/ssp ratio of the
SFG amplitudes of a particular oscillator, the molecular
orientation can usually be deduced using well-established
SFG selection rules.25,39−45 We did not carry out quantitative
orientation analyses since the individual peaks in the SFG
spectrum of α-pinene are diﬃcult to assign, although reliable
spectral assignments are now just beginning to emerge.46
Rather, given the negligible variations in line shape with applied
α-pinene partial pressure, we compare the ratios of the ppp- and
ssp-polarized SFG intensities integrated from 2800 to 3050
cm−1 as a function of α-pinene vapor pressure (Supporting
Figure S1). An average of two trials indicates that there are
negligible changes in the average molecular orientation of αpinene, upon increasing surface coverage or α-pinene partial
pressure. This result indicates that our measured SFG spectra,
forming the basis for our adsorption isotherm analysis, are not
inﬂuenced by changes in molecular orientation induced by
changes in the α-pinene partial pressure. Furthermore, this
result further suggests that no multilayers are forming. Mass
measurements by quartz crystal microbalance, which are
currently unavailable, will be needed to provide further details
regarding the absolute amount of adsorbed pinene.
Figure 6A shows a decrease in the SFG ssp-polarized signal
intensity with increasing temperature. This ﬁnding suggests that
(a) there is a change in the distribution of molecular
orientations of α-pinene upon increasing temperatures and/or
(b) fewer α-pinene molecules are bound to the fused silica
surface. Therefore, we plotted the ppp/ssp area ratios of the
SFG signals as a function of temperature, along with the
percent reversibility obtained from duplicates for the lowest and
highest surveyed temperature (Figure 6B). We ﬁnd that there
are negligible changes in ppp/ssp area ratios, suggesting that

where a and K in eq 2 are the monolayer coverage scaling factor
and adsorption constant (in units of Torr−1), and A and B from
eq 3 are the R−P isotherm constants, P is the partial pressure of
α-pinene in Torr, and g is a unitless parameter indicative of the
extent of heterogeneity in the bound layer. When g ≠ 1, the
system is heterogeneous and thus deviates from the Langmuir
model, and when g = 1, expression 3 reduces to the Langmuir
model. We ultimately obtain the equilibrium constant for
adsorption (K°) after applying standard state corrections
(Section S5 in the SI).
Table 1 shows the thermodynamic parameters from various
adsorption model ﬁts derived from the familiar van’t Hoﬀ
Table 1. Thermodynamic Parameters from Various
Adsorption Model Fits
model
Langmuir
dual-site Langmuir
Langmuir−Freundlich
dual-site Langmuir
Freundlich
dual site with
irreversibility
Redlich−Peterson
MD-based values

−ΔH°ads (kJ
mol‑1)

−ΔS°ads (J mol‑1
K‑1)

−ΔG°ads (kJ
mol‑1)

±3
±7
±5
±4

28 ± 9
83 ± 24
12 ± 16
7 ± 12

27 ± 3

74 ± 9

5±4

39 ± 2
37 ± 4

57 ± 7
57a

22 ± 5
20 ± 4a

30
48
25
23

22
23
21
21

±7
±5
±7
±4

a

Comparison of experimental and theoretical entropies (and
consequently Gibbs free energy) of adsorption is complicated by
standard state issues. The former deﬁnes a reference state for 1 atm in
the gas phase and half-coverage of surface sites, while the theoretical
value is estimated from the loss of one translational degree of an ideal
gas at 1 atm.

expression. With the exception of the dual-site-irreversible
model, all models yield comparable Gibbs free energies of
adsorption around 22 kJ mol−1. On the other hand, enthalpies
ranged between 23 to 48 kJ mol−1, while entropies ranged from
7 to 83 J mol−1 K−1. The Redlich−Peterson model yields a
ΔH°ads of −39 ± 2 kJ mol−1, a ΔS°ads of −57 ± 7 J mol−1K−1,
and a ΔG°ads of −22 ± 5 kJ mol−1. The Langmuir adsorption
model also provided a similar value of ΔG°ads (−22 ± 7 kJ
mol−1), although ΔH°ads (−30 ± 3 kJ mol−1) and ΔS°ads (−28
± 9 J mol−1K−1) diﬀered signiﬁcantly from the values obtained
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surface, but that it may indeed be substrate-general. Additionally, we have fully quantiﬁed the thermodynamics of adsorption
of the ensemble of α-pinene molecules by temperaturedependent SFG measurements and MD simulations, showing
that binding is heterogeneous, as reﬂected in our van’t Hoﬀ
analysis of the Redlich−Peterson adsorption model ﬁtted to the
experimental data, as well as the thermodynamic calculations
obtained from the simulations. Speciﬁcally, for up to 2.6 Torr
α-pinene in 1 ATM total pressure of helium, we obtain ΔS°ads,
ΔH°ads, and ΔG°ads values of −57 (±7) J mol−1K−1, −39 (±2)
kJ mol−1, and −22 (±5) kJ mol−1, respectively, from
experiments. DFT-corrected MD results show that ΔHads of
−37 ± 4 kJ mol−1 at 298 K that is in closest agreement with the
Redlich−Peterson adsorption model. Other common adsorption models do not provide satisfactory agreement between
theory and experiments.
Finally, we have shown by MD simulations and SFG
spectroscopy that the ensemble average molecular orientation
of α-pinene does not change as a function of temperature and
vapor pressure, and that the α-pinene surface coverage
decreases with increasing temperatures for the conditions
probed by our experiments. The possible implication of our
results for chemical conversion of terpenes like α-pinene over
silica-based catalyst surfaces is that these sustainable feedstocks
for polymer synthesis47 are likely to exhibit unexpected long
surface lifetimes, which should aid in catalytic transformations.
The implication of our results for preparing and analyzing
laboratory models of secondary organic aerosol (SOA) from αpinene ozonolysis is that the internal surfaces of the materials
used to construct the environmental chambers or ﬂow tubes for
SOA preparation are likely to be covered, for extended times
(i.e., lasting for days), with α-pinene, whose further reactivity
may inﬂuence chamber studies in ways that may now be
quantiﬁable better than before. Future work will address the
adsorption dynamics of other naturally abundant terpene
compounds.

Figure 6. Plot of ssp-polarized SFG signal area (AreaSFG) as a function
of temperature (A). Two trials have been averaged, and all areas have
been corrected for incident visible and IR powers. (B) Extent of
reversibility at two diﬀerent temperatures (black markers) and APPP/
ASSP ratios as a function of temperature (red markers). Error bars
indicate standard deviations of averaging trials.

there are negligible changes in molecular orientation as a
function of temperature. Supporting this ﬁnding are MD
simulations that track the trajectories of 130 α-pinene
molecules at 340 K over 10 ns, resulting in negligible changes
in the molecular orientation distribution. The distributions of
molecular orientations over the two trajectories at 300 and 340
K are given in the Supporting Information (Section S6).
Given the negligible changes in molecular orientations with
increasing temperature, we attribute the observed decreases in
SFG signal intensity with increasing temperature to desorption
of α-pinene molecules from the silica surface. From the MD
trajectory of α-pinene adsorbed to silica at 340 K, as described
in the previous section, we extracted two new rotational
reorientation times by ﬁtting the rotational reorientation
autocorrelation function of the 10 ns trajectory to a double
exponential ﬁt function, as reported recently.1 From the ﬁt
(Section S6 in the Supporting Information), we extract a τ1
value of 1980 ± 40 ps and a τ2 value of 23 ± 0.5 ps at 340 K,
whereas at 300 K these values were 2500 and 50 ps,
respectively. The results suggest that the α-pinene population
that is tightly bound at room temperature is more loosely
bound at 340 K. Since we have ruled out large changes in
molecular orientation in the previous section, less α-pinene
molecules are likely to populate the surface at higher
temperature.
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V. CONCLUSION AND IMPLICATIONS
We have provided experimental and computational evidence of
two adsorption states of α-pinene on fused silica. We have
shown that the adsorption of α-pinene to fused silica is partially
reversible over the time scale of our measurements (days) at
room temperature and at elevated temperatures (∼40 Torr),
whereas hexane (∼120 Torr) adsorption to fused silica at room
temperature is fully reversible within minutes. This ﬁnding
suggests that the adsorption reversibility may be independent of
vapor pressure, although future work is warranted. MD
simulations have shown that the two populations of α-pinene
molecules exhibit vastly diﬀerent temperature-dependent rotational reorientation times. A loosely bound population of
molecules having short rotational reorientation lifetimes, that
desorb readily as detected by SFG, are likely stabilized by
rotational entropy and have less van der Waals contact with the
substrate. Furthermore, partial reversibility of adsorption to
CaF2 suggests that irreversible adsorption is not uniquely
connected to interactions with Si−OH groups on the silica
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Jarzębski, A. B.; Kholdeeva, O. A. H2o2-Based Allylic Oxidation of APinene over Different Single Site Catalysts. J. Catal. 2005, 235, 175−
183.
(8) Roberge, D. M.; Buhl, D.; Niederer, J. P. M.; Hölderich, W. F.
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