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ABSTRACT: Benzene complex formation and dissociation dynam-
ics with silanols on the amorphous silica surfaces of nanoporous
SiO2, from a benzene/carbon tetrachloride solution, were measured
by the growth of off-diagonal peaks in the two-dimensional infrared
(2D IR) chemical exchange spectrum of the isolated Si−OD stretch.
The presence of two types of isolated silanols, termed type I and II,
was revealed, with dissociation time constants of 82 and 4.0 ps,
respectively. The type I silanols are associated with the main IR
absorption feature in the Si−OD stretching region, while the type II
silanols give rise to a broader shoulder to lower frequency.
Polarization selective pump−probe (PSPP) measurements provided
the vibrational lifetimes and orientational relaxation rates of the two
silanols in the CCl4 (free) and benzene (complex) environments.
The type II silanols constitute roughly 30% of the isolated silanol population and exhibit a substantially faster rate of vibrational
relaxation, making the type I dynamics the dominant contribution to the PSPP and 2D IR signals. From the measured dissociation
times, the enthalpies of formation for the two surface complexes were obtained, with the formation of the type I complex being
significantly more exothermic. As the type II site is preferentially removed from the amorphous silica surface with increasing
activation temperature, the results provide a reasonable explanation for the increased exothermicity of benzene adsorption on silica
with increasing activation temperature in previous calorimetry experiments.

I. INTRODUCTION

Amorphous silica (SiO2) surfaces have become increasingly
important in areas such as catalysis, chemical separations,
adsorption,1−3 and macromolecule folding.4 However, the task
of predicting the effects of amorphous SiO2 surfaces in new
applications and devices remains challenging. This reflects the
incomplete nature of current models and the need for further
experimental studies of molecular scale surface structures and
dynamics.
Broadly speaking, the amorphous silica surface can be

separated into regions, or domains, that are relatively hydro-
phobic or hydrophilic.5,6 The sizes, shapes, and distributions of
these domains are irregular and have proven challenging to
model.7,8 Whether a region is less or more hydrophilic depends
on its content of siloxane (Si−O−Si) and silanol (Si−OH)
groups, respectively. Silanols can be divided into those forming
hydrogen-bonds (H-bonds) with other surface groups and those
that do not. Silanols that do not form H-bonds can be further
subdivided into isolated (Q3), vicinal (Q3), and geminal (Q2)
silanols (Figure 1), where the number accompanying the letter
“Q” denotes the number of surface O atoms directly bonded to
the Si atom.4,9 Isolated and vicinal silanols both have one OH
per Si atom, but vicinal silanols are further distinguished by the

fact that they share a commonO atom (and thus come in pairs).4

Geminal silanols are unique in having twoOH groups bonded to
a single Si atom.4,9

Experimentally, it is possible to distinguish between Q2, Q3,
and Q4 (Si atoms coordinated to four oxygen atoms) Si atoms,
which produce distinct peaks in 29Si cross-polarization/magic
angle spinning NMR spectra.10−12 However, it appears that no
single method can effectively discriminate between isolated and
vicinal Q3 silanols. To complicate matters, the number and type
of surface silanols are strongly dependent on the temperature of
activation used to prepare the samples.9 These challenges have
led to discrepancies in IR absorption band assignments13,14 and
varying conclusions on the surface composition by different
authors, particularly with respect to the question of whether
vicinal silanols exist above ∼400 °C.9,14
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Additionally, the amorphous silica surface exhibits variations
in nanotopography as revealed by methods such as AFM.15 The
surface roughness and presence of cavities can affect the
accessibility and affinity of silanols to interfacial molecules by
perturbing their electronic structure.16 Ab initio molecular
dynamics (MD) simulations also indicate that the local surface
environment can impact the pKa of silanols, for example, by
stabilizing the silanolate base.16,17 The structure of the silanols
and their surroundings may need to be considered simulta-
neously to rationalize the well-known bimodal acidity of the
silica surface, which features pKa values of 8.5 and 4.5 in a ratio of
4:1.18 However, the molecular origin of these two acidities
remains unclear and is an active area of study.16,17,19,20

Here, the reversible adsorption of an H-bond acceptor
molecule on isolated surface silanols in the pores of nanoporous
silica is probed with 2D IR chemical exchange spectrosco-
py.21−23 Surface adsorption is a basic process that is fundamental
to applications of amorphous silica surfaces. In this study, the
term “isolated” will be used in a general sense to refer to all
silanols that are sufficiently separated to not interact with other
silanols, which can include isolated Q3, vicinal Q3, and geminal
Q2 silanols. In the event that we need to distinguish between
truly isolated silanols from vicinals and geminals, we will refer to
them as isolated Q3 silanols.
The sample under investigation was a deuterated mesoporous

silica, MCM-41, filled with a benzene/carbon tetrachloride
mixture. The OD stretching vibrational mode of the isolated
silanols was used as a local probe of the surface environment and
to monitor the reversible formation of benzene surface
complexes, which red-shifts the absorption enough that the
complex and free sites are spectrally distinct. Polarization
selective pump−probe (PSPP) experiments on MCM-41 in the
pure solvents revealed two rates of vibrational relaxation that

were attributed to two types (I and II) of isolated silanols in
different structural environments. The longer lifetime compo-
nent (I) gives rise to the main absorption feature in the isolated
Si−OD stretching region and was assigned to isolated Q3
silanols. The anisotropy decays obtained from the PSPP
measurements approached a plateau in either pure solvent,
demonstrating that the rotational motion is sterically hindered,
although to a lesser extent compared to other surface bound OD
groups.24

2D IR experiments on the mixed solvent revealed the time-
dependent growth of off-diagonal chemical exchange peaks.
Analysis of the spectra revealed that the off-diagonal peaks
experienced an initial rapid growth that was sustained by a much
slower growth process that became dominant on longer time
scales. By use of a two-site chemical exchange model, the spectra
were decomposed into contributions from type I and II silanols,
which were found to be responsible for the slow and fast
growths, respectively. The standard enthalpies of formation
obtained from the complex dissociation times for the two sites
were in reasonable quantitative agreement with calorimetry
measurements of benzene adsorption on silica gel and
qualitatively agree with the two-site thermodynamic trends for
crystal violet cation adsorption on silica.25,26 The structural
nature of the type II silanol is discussed in the context of these
studies.

II. EXPERIMENTAL PROCEDURES

II.A. Deuteration of Surface Silanols. Studying the Si−
OD, as opposed to the Si−OH, stretching mode is
experimentally advantageous because the lower frequency of
the Si−OD vibration better matches with the operating
frequency range of our 2D IR spectrometer, which is determined
by many factors including phase-matching conditions, optical
transmission windows, and grating efficiencies. In addition, as
discussed below, the results found here are compared to
experiments on triethylsilanol-OD in benzene/CCl4 bulk
solutions.
The MCM41 and deuterium oxide (D2O) at 99.8% purity

were purchased fromACSMaterial and CortecNet, respectively.
The specific BET surface area27 (950 ± 70 m2/g), pore size
distribution28 (mean ± SD = 2.8 ± 0.1 nm), and primary
mesopore volume29,30 of theMCM41 (0.75± 0.06 cm3/g) were
previously determined.31

Several grams of the MCM41 was loaded into a three-necked
round-bottom flask (rbf). One of the outer necks was left unused
and sealed off with a glass pennyhead stopper and vacuum
grease. The opposing outer neck was sealed with a rubber
septum. The central neck was attached to a Schlenk line held at a
pressure of 100 mTorr by way of a glass adapter with an
adjustable stopcock. To remove adsorbed water from the
MCM41 pores, the rbf was opened to the Schlenk line and
heated to 200 °C overnight. Once the pressure in the line re-
equilibrated to 100 mTorr, the rbf was closed from the line and
allowed to cool to room temperature (RT). Once cooled, 5 g of
D2O was injected through the rubber septum into the rbf. After
10 min, the rbf was reopened to the Schlenk line and gradually
brought back to a temperature of 200 °C to remove the D2O and
redry the MCM41. Once the pressure reading returned to 100
mTorr, the D2O injection and drying processes were repeated
two more times for a total of three times. The dry, deuterated
MCM41 (MCM41-OD) was transferred to a N2(g) glovebox
and stored in an airtight scintillation vial for later use.

Figure 1. Illustration of the three main types of isolated silanols:
isolated Q3, geminal Q2, and vicinal Q3. The number following the
letter “Q” indicates the number of surface O atoms coordinated to the
silanol Si atom.
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II.B. Sample Preparation. All samples were prepared under
an inert atmosphere of a N2(g) glovebox. MCM41-OD powder
was placed in the center of a 56 μm thick, 8 mm inner (13 mm
outer) diameter polytetrafluoroethylene (PTFE) spacer cen-
tered on top of a 3mm thick, 25.4 mm diameter CaF2 window. A
second, 25.4 mm outer diameter, 56 μm thick PTFE spacer was
placed and centered on top of the window. Anhydrous benzene
(Bz) and carbon tetrachloride (CCl4), purchased from Sigma-
Aldrich were mixed in a molar ratio of 1:5, respectively. While a
second CaF2 window was lowered on top of the first, the Bz/
CCl4 solution was pipetted in-between the two windows to
completely submerge the MCM41-OD powder as well as fill the
gap between the two PTFE spacers. The two CaF2 windows
were held together in a custom-designed aluminum sample cell.
To further protect the sample from atmospheric water, isotopic
exchange, and solvent evaporation, the sample cell was
submerged in liquid Parowax at 60 °C. The cell was then
removed, and the wax was allowed to solidify. During this
process, masking tape was placed over the portion of the cell that
normally exposes the CaF2 windows to prevent them from being
covered in wax. The tape was removed after the wax solidified.
Samples of the bulk solvents Bz, CCl4, and 1:5 Bz:CCl4 were
prepared in the same manner as described above with the
exclusion of the smaller PTFE spacer.
II.C. Optical Methods.The laser system and optical setup,32

FT IR,33 PSPP,34 and 2D IR experiments35−37 have been
discussed in detail previously. Descriptions of both the
equipment and the experimental techniques are given in the
Supporting Information.

III. RESULTS AND DISCUSSION
III.A. Linear Absorption of Isolated Silanols. Figure 2

displays the background-subtracted spectra in the OD stretch
region of MCM41-OD activated under vacuum at 200 °C and
filled with CCl4 (green curve), Bz (red curve), and 1:5 Bz:CCl4
(black curve). When the MCM41-OD is filled with CCl4, no H-
bond can be formed between the surface silanols and the solvent.

The sharp peak corresponding to isolated Q3 silanols is located
at 2723 cm−1, and the broad, H-bond donor silanol band is
observed at 2590 cm−1. The peak at 2723 cm−1 is clearly
asymmetric with an obvious shoulder on the lower frequency
side. This shoulder is highly suggestive of a second silanol
species that may be structurally distinct from the isolated Q3
type.
McFarlan and Morrow analyzed the isolated silanol peak as a

function of temperature in aerosil silica and precipitated silica
initially vacuum activated at 450 °C.14 They found that when the
silica is cooled to−191 °C from 22 °C, the peak broadens. They
surmised that the isolated silanol peak is actually a composite of
two peaks whose separation increases with decreasing temper-
ature. They further observed that the asymmetric peak at 2760
cm−1 and 22 °C (in the deuterated silicas) splits into a doublet
with a main peak at 2762.7 cm−1 and a shoulder at 2756 cm−1

when cooled to −191 °C. We also observe clear evidence of a
main peak and shoulder in MCM41-OD filled with CCl4 at RT
(Figure 2). The shoulder was not obvious at 22 °C in the dry
silicas investigated by the above authors. Our result suggests that
this peak is indeed composed of two peaks that experience a
differential solvatochromic shift when immersed in the CCl4
solvent.
The main peak in MCM41-OD filled with Bz red-shifts to

2666 cm−1 and noticeably broadens with respect to the CCl4
sample. This constitutes a frequency shift of 57 cm−1, which can
be attributed to the formation of a π H-bond complex between
Bz and the silanol groups on the surface.24,38,39 Despite the
increase in width, the lower frequency shoulder is still clearly
observed, showing that this feature is conserved across solvents
of differing interaction strengths. A peculiar feature of the Bz
spectrum is the presence of a secondmore subtle shoulder to the
blue of the main peak at 2666 cm−1. This shoulder appears to
roughly coincide in frequency with the main peak at 2723 cm−1

in the CCl4 sample. It may arise from a small portion of the
isolated Q3 silanols that can only very weakly interact with the
Bz solvent. This might be the case for silanols embedded in a
cavity within the surface. For these sites, the Bz may not be able
to orient itself in a manner for its π-electron system to optimally
accept an H-bond from the Si−OD donor.
When the silica pores are filled with a binary mixture of 1:5

Bz:CCl4, both of the main peaks corresponding to isolated Q3
silanols in the two environments are observed. However, the
benzene and CCl4 associated peak maxima are blue-shifted by
∼3 cm−1 and red-shifted by ∼5 cm−1, respectively (Table 1).

The red shoulder arising from the second type of silanol
complexed with Bz can still be observed in the mixed spectrum,
but the analogous CCl4 peak is obscured by the spectral overlap.
From this point, we will refer to the Bz and CCl4 associated
silanol peaks in themixed solvent system as the complex (C) and
free (F) peaks, respectively. The isolated Q3 silanols and the
second population of silanols will be termed type I and type II,

Figure 2. Background subtracted linear absorption spectra of silanol
groups on the amorphous silica surface of MCM-41 in the Si−OD
stretching region with the pores filled with CCl4 (green curve), benzene
(red curve), and 1:5 benzene:CCl4 (black curve). The dashed blue
curve is the linear combination of pure solvent spectra that provides the
best fit to the mixed solvent spectrum.

Table 1. Parameters for Isolated Silanol OD Stretch Line
Shapes

solvent center(s) (cm−1) fwhm (cm−1)

Bz 2666.2 ± 0.2 68 ± 1
CCl4 2723.4 ± 0.1 38.5 ± 0.7
1:5 Bz:CCl4 2669.2 ± 0.2

2718.2 ± 0.2
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respectively. Thus, a total of four possible surface sites exist in
the solvent mixture: IC, IF, IIC, and IIF.
Figure 2 indicates that both the C and F species are present

when a binary mixture of Bz and CCl4 is confined in the
MCM41-OD pores (black curve). At room temperature, the C
and F forms are likely not static, but under a state of dynamic
equilibrium. However, if site II is structurally different from site
I, this imposes an additional constraint on the pathways of
interconversion. More specifically, the I and II forms, being
structurally distinct and physically distant from each other on
the surface, cannot interconvert. This means that dynamic
equilibrium is independently maintained between IF↔ IC and
IIF ↔ IIC only. In either case, we require the equilibrium
constant of the following phase-exchange reaction:

+ +F Bz C CCl4F (1)

where F and C respectively represent the free (Si−OD···CCl4)
and complex (Si−OD···Bz) silanol forms on the silica surface.
Previously, Thomas and Eon measured the adsorption isotherm
of Bz on a silica gel from Bz/CCl4 binary solutions.40 They
concluded that the system behavior could be reasonably
accounted for by a monolayer model of the type derived by
Everett.41,42 In the ideal case, Everett considers the surface and
binary solution with which it is in direct contact as a series of
stacked lattice planes. Note that in the case of MCM41 with a
cylindrical pore structure the layers are more appropriately
described as lattice rings rather than planes. He further assumed
the adsorption to be monomolecular, with the mole fractions
(xi) of the two components constant in all planes except the one
in direct contact with the surface; the mole fractions in this plane
differing from all other liquid planes because of preferential
adsorption of one of the components. With these assumptions,
Everett derived the constant41

′ =K
x x

x x
C CCl

F Bz

4

(2)

where xF = nF/(nF + nC), xC = nC/(nF + nC), xCCl4 = nCCl4/(nCCl4 +

nBz), and xBz = nBz/(nCCl4 + nBz); ni is the number of moles of

species i. Here, xCCl4 and xBz are also constants because the
number of molecules involved in the surface complexation is
negligible compared to the number of molecules in the pores.
Therefore, a new equilibrium constant can be defined:

≡
′

=K
K x
x

x
xeq

Bz

CCl

C

F4 (3)

The equilibrium constant, Keq, is associated with the simplified
dynamic equilibrium, F ⇌ C, that describes the present
measurements. Clearly, if the Bz:CCl4 ratio is increased, a
greater number of complex relative to free silanols will form,
leading to an increased Keq. Note that the single concentration
studied here (1:5 Bz:CCl4) was chosen because it produced
comparable signal levels from the free and complexed silanol
populations. In this context, eq 3 is more useful than eq 2
because the IR observables are only sensitive to the surface
silanol populations.
The 1:5 Bz:CCl4 spectrum (black curve, Figure 2), A, can be

described by A = xCAC + xFAF, where AC and AF are the spectra
with all of the isolated silanols associated with pure Bz or pure
CCl4. The effective equilibrium constant for the isolated silanols
(eq 3) can be estimated by fitting the 1:5 Bz:CCl4 spectrum with
a linear combination of the Bz and CCl4 spectra. The resulting fit

is also shown in Figure 2 (dashed, blue curve). Note that the Bz
and CCl4 spectra actually presented in Figure 2 are equal to the
original spectra,AC and AF, multiplied respectively by the factors
xC = 0.31 and xF = 0.55 obtained from the fit. The sum of these
spectra is equal to the fit curve. The spectrum of the mixture is
plotted in the original OD units of absorbance. From eq 3, the
resulting equilibrium constant is Keq ∼ 0.6.
Considering the rather involved assembly procedure required

for these powdered samples, it is likely that there is some
deviation in path length from sample to sample. Such a fitting
procedure relies on the path length remaining fixed across the
samples so that any variation in absorbance can be attributed to a
change in mole fraction of the absorbing species. We estimate
the errors on the mole fractions xC and xF to be on the order of
0.1 and the error on Keq determined in this manner to be about
0.2. Also note that an implicit assumption of the fitting is that the
transition dipolemoment (extinction coefficient) in a given local
solvent environment (e.g., Si−OD···CCl4 or Si−OD···Bz) is
independent of whether the liquid phase is a pure solvent or the
mixture solution. In section III.D, Keq will be independently
determined in a model fit to the 2D IR spectra for the mixed
solvent system. The value obtained, Keq = 0.8 ± 0.1, is in
reasonable agreement with the estimate of 0.6 obtained from the
linear absorption spectra alone.

III.B. Vibrational Relaxation of the Si−OD Stretching
Mode. To further elucidate the properties of the silanol
populations, we measured the vibrational lifetime of the isolated
Si−OD stretch band in CCl4 and Bz. The isotropic data, P(t),
which is the vibrational population relaxation, was obtained
from the experimental PSPP signals, S∥(t) and S⊥(t) (see the
Supporting Information). S∥(t) and S⊥(t) are the pump−probe
signals observed with the probe pulse signal having polarization
parallel to and perpendicular to the pump polarization,
respectively.

= [ + ]⊥P t S t S t( )
1
3

( ) 2 ( )
(4)

Figure 3 displays the P(t) signals as a function of frequency for
the OD stretch 0−1 transition in (a) CCl4 and (b) Bz. Note that
an undesired heating signal,43,44 which produced a frequency
dependent offset at long time delays, was removed from P(t) as
described in the Supporting Information. Removal of the small
heating contribution to the signal from S∥(t) and S⊥(t) yields the
correct P(t) and r(t), the orientational anisotropy discussed
below.
The heat-subtracted P(t) signals in Figure 3 (solid points) are

discernibly biexponential for both solvents and can be fit (solid

curves) to a function of the form P(t) = AIIe
−t/T1

II

+ AIe
−t/T1

I

,
where II and I refer to the silanol type, discussed further below.
For either solvent, the decays can be described with two
frequency-independent lifetimes: T1

II and T1
I . Only the

amplitudes, AII and AI, of the lifetime components vary with
frequency. The two lifetimes are T1

II = 17.8 ± 0.8 ps and T1
I = 71

± 2 ps in CCl4 and T1
II = 15 ± 1 ps and T1

I = 46.7 ± 0.6 ps in Bz.
The presence of two distinct lifetimes in each solvent is
consistent with the observation of two bands in the linear
absorption spectra of Figure 2. For comparison, only a single
lifetime was measured for deuterated triethylsilanol (TES) in
bulk CCl4 (160 ps) and Bz (95 ps).

45 Also note that the longer
surface Si−OD lifetime, T1

I , is very sensitive to the solvent and
decreases by ∼35% when the solvent is changed from CCl4 to
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Bz. This is similar to the behavior of the single TES lifetime,
which decreases by ∼40% between these same solvents.
When the excited vibration (ν = 1) relaxes to the ground state

(ν = 0), the energy is transferred to various accepting modes of
the system.46−48 The rate of energy transfer is primarily
determined by the number of modes required to conserve
energy with the Si−OD stretch vibration and its coupling
strength to each accepting mode.47 In the case of surface silanols
and no solvent, the most plausible dissipation pathway involves
energy flow into the modes of the SiO4D tetrahedron and
broader silica framework.46−48 Because the highest vibrational
frequencies in bulk silica are under 1200 cm−1, the relaxation
likely requires the simultaneous excitation of multiple accepting
modes.47

Previously, it was found that CCl4 slightly decreases the
vibrational lifetime of silica bound SiOH relative to the same
system in vacuum.46,48 It was proposed that CCl4−OH
collisions mainly enhance the energy transfer rate from the
SiOH into the silica framework, whereas energy transfer into the
degrees of freedom of the colliding CCl4 partner was thought to
be negligible.46 This idea is consistent with the transparency of
CCl4 in the SiOH (and Si−OD) stretching region of the IR
spectrum.48 On the other hand, Bz significantly accelerates the
surface Si−OD lifetime. Unlike CCl4, Bz has several
combination bands that overlap with the isolated surface Si−
OD stretch, for example, a band at ∼2653 cm−1 that arises from
the combination of in-plane ring modes, ν9 + ν19.49 Thus, Bz
introduces additional pathways for the energy to relax.
Additionally, it is well-known that Bz can form an Si−OD···π
H-bond at silanol sites on the silica surface.4,38,39 In their DFT
study, Rimola et al. found that the Bz ring lies relatively flat on a
model hydroxylated silica surface, with the center of the ring
roughly aligned with the hydroxyl.39 The Si−OD···π interaction
favors a short distance between Bz and the silanol, which could

Figure 3. Frequency-dependent isotropic pump−probe signals, P(t), in
the isolated Si−OD stretching region for silanols in (a) CCl4 and (b)
benzene in the pores.

Figure 4. (a) Isotropic pump−probe t = 0 spectrum (blue curve) with CCl4 in the pores, decomposed into its amplitude contributions from type I (AI,
black curve) and type II (AII, red curve) silanols. (b) Frequency-dependent, normalized amplitude contributions from type I (aI, black curve) and type
II (aII, red curve) silanols. (c, d) Same as (a, b) but for benzene in the pores.
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increase the coupling between the Si−OD stretch and the
accepting modes of the solvent.
To our knowledge, the observation of a second, much shorter

lifetime component,T1
II, associated with isolated silanols is a new

finding. It is not surprising that this <20 ps component was not
detected in previous transient absorption studies, which used
quite broad∼14−20 ps pulses.46−48 The pulse durations used in
the present work were 200 fs, or 2 orders of magnitude shorter.
Interestingly, the T1

II lifetime is effectively insensitive to the
nature of the solvent, decreasing by only 1−2 ps, within error, in
Bz relative to CCl4. This may be an indication that the
interaction of Bz with this silanol species is relatively weak.
To understand the origin of the two lifetimes, their amplitudes

are plotted as a function of frequency for CCl4 and Bz in Figures
4a and 4c, respectively. Note that the sum of the two amplitudes
can be interpreted as the isotropic transient absorption spectrum
at t = 0 (before any vibrational relaxation occurs). In the CCl4
spectrum of Figure 4a, it is clear that two overlapping bands
reside underneath the total spectrum (blue curve). The
amplitude of the longer lifetime, T1

I , traces out a relatively
narrow and symmetric peak centered at ∼2721 cm−1 (black
curve) that is responsible for the main feature in the total
spectrum. We therefore assign the T1

I lifetime to isolated Q3
silanols, which we and others14 have termed type I. In the case of
the shorter lifetime, T1

II, the amplitude outlines a broader, less
intense peak at∼2698 cm−1 that gives rise to the red shoulder in
the total spectrum. Thus, T1

II is associated with the type II silanol
discussed in section III.A. In the Bz spectrum (Figure 4c), the
intensity exhibits a gradually increasing trend to lower
frequencies, although interference from the negative going 1−
2 transition signal precludes accurate spectral decomposition for
lower frequencies. Consequently, any peak associated with T1

II

was not clearly resolved.
If we assume that for a single solvent I and II have the same

transition dipole strength, then the amplitudes at fixed frequency
provide the relative populations of the two species. In Figures 4b
and 4d, the normalized amplitudes, aI = AI/(AI + AII) (black
curve) and aII =AII/(AI +AII) (red curve), are displayed for CCl4
and Bz, respectively. The type I silanols comprise ∼80% of the
signal around the maximum and to the blue side of the total
spectrum. However, the situation reverses to the red side of the
spectrum. This is particularly clear in the CCl4 sample, where the
type II silanols comprise ∼80% of the signal.
To summarize, the isotropic PSPP signals revealed the

presence of two frequency-independent vibrational lifetimes for
the silanols in pure CCl4 and pure benzene. The short and long
lifetime components, in either solvent, can be attributed to type
II and type I (isolated Q3) silanols, respectively, by comparing
their transient absorption spectra to the linear absorption
spectra in Figure 2 and to previous measurements.
III.C. Orientational Relaxation of Isolated Silanols. To

analyze the orientational relaxation of the surface silanols, the
anisotropic part of the PSPP signals was calculated via34
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−
+

=⊥

⊥
r t

S t S t

S t S t
C t( )

( ) ( )

( ) 2 ( )
0.4 ( )2

(5)

where r(t) is the anisotropy and C2(t) is the orientational
correlation function. The orientational correlation function is
given by C2(t) = ⟨P2(μ̂(t)·μ̂(0))⟩, where P2 is the second-order
Legendre polynomial, μ̂(t) is the transition dipole moment unit
vector at time t, and ⟨···⟩ represents an isotropic ensemble
average.50,51

The anisotropy for isolated silanols interacting with CCl4 and
Bz is shown as a function of detection frequency in Figures 5a

and 5b, respectively. In principle, r(0) = 0.4; however, given the
finite pulse durations (200 fs), it is not possible to resolve the
ultrafast inertial dynamics which occur on a time scale of <100 fs
inmany liquid phase systems.52,53 Consequently, r(0) appears to
begin below 0.4. The fraction of the decay that is caused by
inertial motion can be quantified by the deviation from 0.4. A
second key aspect of the decays in Figure 5 is that they approach
a nonzero offset (∼0.1) at long time. This indicates that the Si−
OD orientation does not completely randomize. However, the
Si−OD does rotate to a much greater extent relative to other
surface OD groups. For example, the μ2-OD of the metal−
organic framework MIL53(Al) approaches an offset of no less
than ∼0.36 when submerged in Bz.24 The ability of the silanols
to sample a larger range of orientations may be attributable not
only to rotation about the Si−O bond axis but also to the
flexibility of the Si−O−Si linkages that tether them to the
surface, permitting out-of-plane motions of the OD (note that
one of the Si atoms is directly bonded to the OD). Si−O−Si
bonds have quite low angle bending energy barriers, estimated to
be ∼0.4−1 kcal/mol for angle deformations of 20°−30° about
the equilibrium bond angle in disiloxane.6,54,55 The Si−O−D

Figure 5. Frequency-dependent reorientational anisotropy data, r(t), in
the isolated Si−OD stretching region for silanols with (a) CCl4 and (b)
benzene in the pores. The solid curves in (a) and (b) are respectively
two- and one-component fits of a wobbling-in-a-cone model to the data
as described in the main text.
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bond angle may also fluctuate to some degree. While the
orientational dynamics of μ2-OD were found to be relatively
insensitive across a range of solvents with varying H-bond
acceptor strengths,24 the Si−OD is affected by the nature of the
solvent as seen in Figure 5.
It has been shown that the restricted motion of molecules

bound to surfaces can be described as wobbling (diffusion) in a
cone of half-angle θc.

56−58 The correlation function associated
with one diffusive cone is given by C2(t) = Q2 + (1 − Q2)
exp[−t/τc], where τc is the orientational correlation time for
restricted angular diffusion and Q2 is the square of a generalized
order parameter, Q2 = [0.5cosθc(1 + cos θc)]

2. The limiting
value of the anisotropy at long time is given by r(∞) = 0.4Q2,
providing a direct relationship between θc and the anisotropy
plateau. More restricted environments are characterized by
smaller cone angles, larger Q2 values, and a higher plateau. The
diffusion coefficient for each wobbling process is a function of
both the cone angle, θc, and the correlation time, τc. For θc < 30°,
the relationship τc ≃ 7θc

2/24D gives an accurate approximation
to the more lengthy exact expression that should be used for
larger angles.57

If the Si−OD reorients by more than one (independent)
process, then the resultant correlation function can be expressed
as the product of the individual correlation functions. For
example, the anisotropy for an Si−OD that undergoes inertial
motion and two separate wobbling-in-a-cone processes is given
by

τ

τ

= + − [− ] + −

× [− ]
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2 2 2
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where T, S, and R are the order parameters for the inertial cone,
first diffusive cone, and second diffusive cone, respectively. The
correlation times, τc1 and τc2, are for the first and second diffusive
cones, respectively. The total order parameter, which
determines the final plateau, is then given by Qtotal

2 = (TRS)2.
However, we should be careful before applying eq 6 to the

data directly. As discussed above, the isotropic PP signal, P(t),
provided evidence of two surface sites with very different
lifetimes, meaning that the total PSPP signal is the sum of the
signals from the two components. Thus, the anisotropy should
be analyzed from the perspective of a two-component system59
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where, for example, r(t)II = [S∥
II(t) − S⊥

II(t)]/[S∥
II(t) − 2S⊥

II(t)] is
the anisotropy that would be observed if only component II were
present. Equation 7 has been applied to various systems and,
particularly, those in which water molecules are found in two
distinct environments (with different lifetimes), such as the
interfacial and core regions of reverse micelles59 andNafion fuel-
cell membranes.60 If the orientational dynamics for the two
populations are the same, or r(t)I = r(t)II, then the total
anisotropy will be equivalent to the individual component
dynamics at all times. However, if r(t)I and r(t)II differ, then r(t)

becomes a more complex function of the individual component
dynamics. As the time delay increases, the relative contribution
of the shorter lifetime component to the total anisotropy will
decrease. In systems with two-component dynamics, the
anisotropy is often frequency dependent because the ratio of
the two ensembles, which are reorienting in different manners,
changes with frequency.
The solid curves in Figure 5a are fits of eq 7 to the CCl4

anisotropy data (solid points). The fits describe the data quite
well. The population fractions and vibrational lifetimes for the
two silanol types, aI, aII, T1

I , and T1
II, were all known from fitting

P(t) as described in section III.B. These parameters were fixed in
the fit of eq 7 to the data (since aI = 1 − aII, only one of these
parameters is actually required). Additionally, the minimum
number of cones needed to model r(t)II and r(t)I, and obtain
quantitative agreement with the data, was used. Ultimately, for
the CCl4 sample, r(t)II and r(t)I could be described with one
inertial and one diffusive cone (eq 6, excluding the R2 + (1− R2)
exp[−t/τc2] term) to obtain good agreement with the measured
anisotropy.
A number of different fitting procedures were tested before

arriving at the Figure 5a fit results. Fits that used the fewest
parameters were given preference. The approach that we
ultimately found successful was to only share the correlation
times, τc. This approach suggests that the rate of diffusion
depends on the vibrational frequency of the silanol, and this
dependence can mainly be attributed to a change in the cone
angle with frequency, which provides a measure of the steric
restrictions of the local silanol environments.
In comparison to the CCl4 sample, the Bz sample exhibits a

much milder degree of frequency dependence, and attempts to
fit the data to eq 7 with r(t)II and r(t)I unequal were not
successful. The fit did not converge easily and gave unreasonably
large cone angles for the type II silanols, suggesting that the
rotational motion was essentially unrestricted. Inspection of the
data in Figure 5b shows that the rotational dynamics become a
little faster moving from the red side to the blue side of the band,
but the overall shape of the decays does not change as
dramatically as in the CCl4 sample. The less-pronounced
frequency dependence is also consistent with Figure 4d, which
shows that the relative population fractions of type II and type I
silanols do not change much over this frequency range. We
found, instead, that using a one-component fit, in which r(t)II

and r(t)I are equal, fits the Bz data much better (Figure 5b). One
inertial cone and two diffusive cones were sufficient to model the
data (eq 6). In this fit, the correlation times were shared across
frequencies, while the cone angles were varied.
Table 2 displays the parameters obtained for type II and type I

silanols near their absorption maxima at 2698 and 2720 cm−1,
respectively, in CCl4 and at 2670 cm−1 (one-component fit) in
Bz. These parameters were used in the chemical exchange
modeling discussed below. The parameters for other frequencies
are tabulated in the Supporting Information. In CCl4, the type I
silanols rotate at a faster rate than the type II silanols, since their
cone angles are larger and τc1 is smaller (1.0 vs 6.5 ps). This can
be seen by considering Figures 5a and 4b together. As the

Table 2. Wobbling-in-a-Cone Model Parameters for Isolated Silanols

silanol solvent freq (cm−1) θin (deg) θc1 (deg) θc2 (deg) τc1 (ps) τc2 (ps)

II CCl4 2698 19 ± 2 28 ± 2 NA 6.5 ± 0.2
I CCl4 2720 28.0 ± 0.5 39 ± 2 NA 1.0 ± 0.1
II and I Bz 2670 13.9 ± 0.6 27.9 ± 0.6 48.5 ± 0.6 4.4 ± 0.1 50 ± 1
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frequency decreases, the type II silanol becomes a larger
contribution to the observable, and the total anisotropy decays
more slowly. These results suggest that type II silanols are in a
slightly more restricted environment compared to the type I
silanols. This might be the case if the type II silanols tend to be
located near surface defects or cavities that have local
environments that sterically hinder their wobbling motion. As
discussed above, in Bz the dynamics of the type I and II silanols
appear to converge. Overall, the dynamics in Bz become slower
(τc1 = 4.4 ps, τc2 = 50 ps), and a larger range of angular space is
sampled. This is evidenced by the appearance of a second
diffusive cone in the orientational motion (not seen in CCl4)
potentially attributable to the Si−OD···π H-bond formed with
Bz. This interaction may also be responsible for the smaller
inertial cone angle in Bz compared to those in CCl4 by reducing
the range of motion on faster time scales. At the silica surface, the
Bz molecule may shift and, perhaps, precess about the silanol. It
may be energetically favorable for the Si−OD to be pulled
around by the Bz molecule and still keep the π H-bond intact
rather than sever the bond. Thus, the π H-bond may cause the
silanol to sample a slightly larger angular space, albeit with a
slower correlation time.
In summary, the rotational dynamics of the silanols were

described with a wobbling-in-a-cone model. In CCl4, the
dynamics of the type I and II sites are more distinct, and the
frequency dependence of the total anisotropy can be explained
with a two-state model in which the two species each reorient in
one inertial and one diffusive cone. Overall, the type II sites are
located in more restricted environments (smaller cone angles)
and sample the available angular space more slowly (longer
correlation time) than type I sites. The weaker frequency
dependence in Bz is indicative of more homogeneous dynamics,
in which both sites reorient via one inertial and two diffusive
cones. The more uniform and overall slower relaxation of

silanols in Bz compared to CCl4 was attributed to the Si−OD···π
H-bond formed with Bz.

III.D. Chemical Exchange at Isolated Silanol Sites. 2D
IR chemical exchange spectroscopy works in the following
manner (see the Supporting Information for details).21−23 The
2D IR experiment consists of three IR excitation pulses, which
give rise to a fourth pulse, the vibrational echo. The heterodyne
detected vibrational echo pulse is the signal. The first pulse in the
sequence labels the vibrations of interest by their initial
frequencies. The second pulse, arriving a short time later, stores
the labeled information. After a waiting time, Tw, during which
the system has time to evolve, the third pulse initiates a readout
of the final frequencies, with the information carried by the
vibrational echo pulse. 2D spectra are recorded as a function of
Tw. As Tw increases, the system structure has more time to
evolve, causing the 2D spectra to change. If there are two species,
A and B, with resolvable frequencies in the FT-IR spectrum, at
short time the two species will appear as bands in the 2D
spectrum along the diagonal, a 45° line from the upper right to
the lower left (high frequency to low frequency) of the spectrum.
If A’s convert into B’s and B’s turn into A’s under equilibrium
conditions (chemical exchange), then as Tw increases, off-
diagonal peaks will appear in the spectrum, one fromA’s going to
B’s and one for B’s going to A’s. Because the system is in
equilibrium, the growths of these two off-diagonal peaks are the
same. Full analysis of the time-dependent growth of the off-
diagonal peaks gives the time dependence of the interconversion
of the two species.
A key observable that can further distinguish the isolated

silanols is the dissociation time constant for the Si−OD···π H-
bond complex formed with Bz obtained from 2D IR chemical
exchange spectroscopy. Figure 6a displays 2D IR spectra of the
isolated Si−OD stretching mode in 1:5 Bz:CCl4 solution at
waiting times, Tw, of 0.5, 10, and 100 ps. The red, positive peaks

Figure 6. (a) Experimental 2D IR chemical exchange spectra in the isolated Si−OD stretching region for 1:5 benzene:CCl4 in the pores of MCM-41 at
Tw = 0.5, 10, and 100 ps. The red (positive) and blue (negative) peaks are from the 0−1 and 1−2 vibrational transitions, respectively. As Tw increases,
off-diagonal peaks grow in as Si−OD/Bz complexes progressively form and dissociate. (b) Response function calculations of the data in (a) as
described in section III.D.
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are associated with the 0−1 vibrational transition, while the blue,
negative peaks arise from the 1−2 transition. Similar to the PSPP
signals, a small heating signal was observed in the 2D spectra and
was removed as detailed in the Supporting Information. Because
the molecular potential energy surface is anharmonic, the 1−2
transition is lower in energy than the 0−1 transition and is
shifted below it along theω3 axis by the anharmonic shift,Δ.35,37
At the earliest time of 0.5 ps, two bands are centered and
elongated along the diagonal (the dotted line, ω3 = ω1). These
2D bands correspond to the 1D absorption bands shown in
Figure 2 for the 1:5 Bz:CCl4 solution (black curve). The lower
frequency peak arises from silanols that are complexed with Bz,
while the higher frequency peak arises from free silanols, those
that are solvated by CCl4. However, note that the preceding
analyses indicate that each of these bands is composed of two
underlying bands associated with two isolated silanol species:
type I (isolated Q3) and type II (possible structure discussed
below). Therefore, before any exchange has occurred, the
complete 0−1 transition features are composed of a total of four
peaks, two underlying each band.
For the longest waiting time, 100 ps, considerable exchange

has occurred as shown by the off-diagonal peaks in the 2D
spectrum. The upper-left cross-peak has its initial frequency, ω1,
at the lower frequency, indicating that the initial structure was an
Si−OD complexed with Bz. Its final frequency, ω3, is at the
higher frequency, showing that the final structure is a free silanol.
Therefore, the upper-left off-diagonal peak arises from free
silanols that were initially involved in a chemical complex with
Bz. In a similar manner, the lower-right cross-peak arises from
complexed silanols that were initially free silanols. As these
considerations suggest, population transfer from a diagonal peak
to a cross-peak, or the reverse, can only occur along the ω3
detection axis.21 Molecules initially excited in a band with
frequency (ω1, ω3) that undergo an exchange during the period
Tw have a new ω3 frequency when they are read out. They have
the sameω1 frequency because this is the frequency of the initial
excitation. Therefore, after one exchange event, these molecules
contribute to an off-diagonal band. If some silanols undergo two
exchange events during Tw, they will have returned to their
original diagonal peak. Therefore, molecules that make an odd
number of exchanges contribute to off-diagonal bands, while
molecules that undergo an even number of exchanges contribute
to diagonal bands.22 For completeness, we also consider the case
in which silanols experience an even number of exchanges during
Tw even though they do not contribute to the off-diagonal bands.
Molecules that undergo an even number of exchanges affect the
shape of the diagonal bands and, therefore, analysis of spectral
diffusion.22

The Tw-dependent growth of the off-diagonal peaks directly
tracks the formation and dissociation kinetics of the surface Si−
OD···Bz complex.21,22,45 Figure 6a displays the increasing
relative amplitude of the cross-peaks with respect to the diagonal
peaks as Tw increases. (Note that the data in each panel are
normalized to the band with the greatest amplitude.) The time-
dependent populations that give rise to the 2D diagonal and off-
diagonal signals can be quantitatively described with a dynamic
partition model that takes into account vibrational relaxation,
chemical exchange, orientational relaxation, and the polarization
configuration of the 2D IR experiment. Spectral diffusion of the
transition will also influence the time-dependent 2D band
shapes for silanols that have not undergone exchange.22,45

However, spectral diffusion does not affect the populations of
the associated species (or volumes of their peaks) and therefore

does not enter into the dynamic partition model because the
peak volumes are used.22,45 Vibrational relaxation will cause all
peaks to decrease in amplitude, regardless of polarization, as the
Si−OD stretch relaxes from the first excited vibrational state to
the ground state. Chemical exchange will cause the off-diagonal
peaks to grow in and the diagonal peaks to decay, although the
presence of even exchanges will lead to a small degree of refilling
of the diagonal populations. The effect of orientational
relaxation of the silanols on the 2D signal depends on the
polarization configuration. In the “perpendicular” configuration,
⟨XXYY⟩, the first two pump interactions are Ŷ polarized, while
the probe and detection polarization are X̂ polarized. The
contribution of a dipole to the signal is determined by the
projection of the dipole onto the polarization of the fields at the
time of each interaction, and the final signal magnitude is
determined by its projection onto the detection direction.35,36,50

In ⟨XXYY⟩, molecules are preferentially excited in the Ŷ
direction, but reorientation during Tw causes them to contribute
more to the detected signal in the orthogonal direction, X̂,
leading to a signal growth. Here, all experiments were performed
in ⟨XXYY⟩ to obtain reliable, scatter-free data.31,33,61 Therefore,
all of the peaks in the 2D spectrum will experience a growth
originating from the wobblingmotion of the silanols, and the off-
diagonal peaks will have additional growth caused by exchange.
The quantitative details of the dynamic partition model are

described further in the Supporting Information and else-
where.22,62 It is illustrated schematically in Figure 7. As discussed

in the Supporting Information, the solution for ⟨XXYY⟩ and a
single chemical exchange system is given by
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where the effective populations Nf(t), Nc(t), Ncf(t), and Nfc(t)
are respectively the total diagonal free population, the total

Figure 7. Kinetic scheme illustrating the various sources (inward
arrows) and sinks (outward arrows) controlling the effective diagonal
and off-diagonal peak populations for ⟨XXYY⟩ and a single silanol type.
Parameter definitions are provided in section III.D. Any time
dependence has been suppressed for clarity.
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diagonal complex population, the off-diagonal population that
was complexed and became free (odd exchanges), and the off-

diagonal population that was free and become complexed (odd
exchanges). In eq 8, the anisotropic matrix, B, is given by
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where kf = 1/T1,f and kc = 1/T1,c are the inverse lifetimes of the
free and complex species, respectively, kfc is the rate of
complexation, kcf is the rate of dissociation, and 6Df(t) and
6Dc(t) are the rates of rotation for the free and complex species,
respectively. The isotropic matrix, A, is independent of rotation
and is the same as B excluding the 6Df(t) and 6Dc(t) terms.
Here, we have taken the approach of Ji et al. (see the Supporting
Information) and used effective time-dependent diffusion
coefficients, Dα(t), to include restricted orientational diffusion
in the kinetic model,63 where C2,α(t) is the wobbling-in-a-cone
orientational correlation function for the α state. The discussion
in the Supporting Information also describes how oscillators that
exchange an even number of times can be distinguished from
those that do not exchange.
To describe a system in dynamic equilibrium, one must

specify the dissociation time constant, τd = kcf
−1, and the

equilibrium constant, Keq, for the exchange reaction F⇌ C. The
association time constant, τa = kfc

−1, can be determined from τd
and Keq by using the equilibrium condition, Keq = kfc/kcf = τd/τa.
Two approaches have been used to extract τd from chemical
exchange spectra.
In the first approach, the experimental 2D spectra are fit with a

combination of 2D Gaussians.22 The volumes of the Gaussian
fits provide the time-dependent peak volumes. To arrive at
effective populations for the different species, the peak volumes
are rescaled by dividing out the transition dipole moments of the
contributing species.22 The populations are then fit to the
dynamic partition model for the chemical exchange process to
obtain the parameter τd. The second approach uses the third-
order material response functions from time-dependent
diagrammatic perturbation theory to fit the 2D band shapes.22

The dynamic partition model is incorporated into the response
functions,R(t3,Tw,t1), so that the amplitudes of the various peaks
are consistent with a chemical exchange system. Specifically, the
solution to the dynamic partition model provides the time-
dependent populations for the various peaks. The population
associated with a particular response function is included as an
additional multiplicative factor in the response function.22

A key difference between these two approaches is that in the
first method the peak volumes are determined first and the
dynamic partition model is applied second, while in the second
method, the volume fitting and application of the model are
done simultaneously. This difference ultimately led us to select
the second approach for the silica system. The antidiagonal
width and spectral overlap of the peaks made extracting the
cross-peak volumes with 2D Gaussian fits challenging at early
time, leading to nonzero cross-peak volumes when extrapolated
to time zero. In the response function approach, the inclusion of
the dynamic partition model in the peak fitting imposes the
constraint that the cross-peaks must extrapolate to zero volume
at zero time. Additionally, this approach allows us to better
model the time-dependent band shapes with the frequency−

frequency correlation function (FFCF),22 which can generate
various band shapes ranging from homogeneous (Lorentzian) to
inhomogeneous (Gaussian) line shapes (see the Supporting
Information).35 Lastly, we find that this approach is preferable
when the system is composed of more than one exchanging
ensemble. In this situation, two isolated silanol types are
undergoing chemical exchange. Twice the usual number of
peaks (12 in total for the 0−1 transition) is needed to model the
spectra. Applying the peak fitting and dynamic partition model
at the same time makes the determination more reliable for the
reasons discussed above.
The experimental 2D spectra in Figure 6a were fit with the

response function expressions delineated by Kwak et al. and
described in the Supporting Information.22 All of the data
suggests that the signal arises from two different isolated silanol
species. Thus, we treated the total system as the sum of two
independently exchanging subsystems for the type I and II
silanols. Isolated silanols are too distant from each other to
hydrogen-bond; therefore, it is reasonable to assume that their
exchange dynamics are not influenced by neighboring silanols.
In this model, the system can be viewed as a weighted sum of two
equilibria, one for each silanol type

[ − ]{ } + { }a a1 F C F C
k

k

k

k
I

II II
I

I I

cf
II

fc
II

cf
I

fc
I

F F
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where aI = 1 − aII is the relative population fraction of the type I
site, first defined in section III.B. Here, the parameter is
understood to be integrated over the entire band and
independent of the solvent.
Given the complexity of this system, any reasonable

assumptions that reduce the number of parameters in the
model were taken. For example, in separating the isotropic PP
spectra into type I and II bands in Figure 4, we made the
assumption (also made by others64) that the transition dipole
moment was the same for both silanols (I and II) in a single
solvent. This implies that the ratio |μc|

2/|μf|
2 is also identical for I

and II. The |μ12|
2/|μ01|

2 ratios for the free and complex forms
were similarly taken to be the same for both silanols.
Additionally, we assumed that Keq is the same for I and II.
This was motivated by the observation that the linear absorption
spectrum for the mixed solvent can be fit with a linear
combination of the pure solvent spectra (see Figure 2). If this
were not possible, it would suggest that the two bands from I and
II were not changing in equal proportion in the mixed solvent
system, and the Keq’s for the two sites are different. We also
assumed that spectral diffusion, and thus the FFCF, only
depends on whether a silanol is in the free or complex form (and
is independent of silanol type). As noted previously, the
exchange rate and FFCF are relatively independent.22 The
exchange rate dictates the growth of the off-diagonal peaks,
causes the diagonal peaks to decay, and also influences the shape
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of the diagonal peaks. The FFCF only influences the time-
dependent shape of the diagonal peaks but has no influence on
the growth of the off-diagonal peaks.
Therefore, the adjustable parameters in the fit were |μc|

2/|μf|
2,

Keq, the dissociation rates, kcf
I and kcf

II, and the FFCF for the
complex and free transitions. The vibrational lifetimes and
orientational relaxation parameters determined for the type II
and I transitions located at ∼2698 and ∼2720 cm−1 in CCl4 and
at 2670 cm−1 in Bz were used as input parameters (Table 2). The
peak centers were permitted to adjust within a few cm−1 of these
positions given some uncertainty in the precise location of the
bands and the limited resolution of the 2D IR spectrometer
(∼1.3 cm−1) in this frequency range. The orientational
relaxation parameters were not adjusted as is sometimes done
to account for the change in viscosity going from the pure
solvents to the mixed solvent. We have no way of determining
the viscosity of the mixed solvent confined in the 2.8 nm
MCM41 pores, and it is likely a local property that depends on
position in the pore. The FFCFs for the diagonal complex and
free peaks were initialized with the FFCFs extracted from the
pure Bz and CCl4 2D IR spectra (see the Supporting
Information), which each contain a homogeneous term, three
exponentials, and a static inhomogeneous term.
The 2D spectra at all Tw values were simultaneously fit to the

two-component chemical exchange model discussed above. A
nonlinear least-squares solver in MATLAB R2019a using the
“trust-region-reflective” algorithm was used to iterate the
parameters and minimize the residuals. Three independent
experiments were fit, and the resulting parameters were averaged
together. The results are shown in Figure 6b below the
corresponding measured spectra in Figure 6a. Overall, the
essential features of the spectra are reproduced, and the
agreement is quite good. At 100 ps, the fit does slightly
underestimate the intensity of the lower frequency diagonal peak
corresponding to the Si−OD/Bz complex, and it slightly
overestimates the magnitude of the cross-peaks. Note, however,
that the spectra are not plotted on the same scale for better
visualization of their features. In reality, the signal has
substantially decayed by 100 ps. Poorer agreement between
the experiment andmodel is unavoidable at longerTw because of
the reduced signal-to-noise and lower absolute signal amplitude
that result from vibrational relaxation.
Table 3 displays key parameters from the fit. The modeling

indicates that type I silanols make up 70 ± 10% of the total
isolated silanol population probed in these experiments; thus,
the type II species makes up 30± 10%. This ratio is very close to
the 4:1 ratio of nonacidic to acidic silanol sites measured
experimentally with SHG.18 The 4:1 ratio appears to be
ubiquitous in studies of the amorphous silica surface, and its
molecular origins are still unclear.16 It has been assigned, for
example, to the ratio of H-bonded to isolated silanols16 as well as
the ratio of geminal Q2:isolated Q3 sites.65 Ab initio MD
simulations suggest that assigning the two acidity groups to two
specific silanol types is not possible.16,17,19 In this study, we have
assigned the type I silanol to the isolated Q3 structure. We
refrain from assigning a definitive structure to the type II silanol.

The type II site is a significant fraction of the population, but the
results suggest that it is a minor species relative to type I.
The dissociation time constants, τd, for the type II and I

silanols are dramatically different at 4.0 ± 0.8 and 82 ± 15 ps,
respectively. This difference is illustrated in Figure 8. The total

calculated 2D spectra (Figure 6b) were decomposed into the
contributions from type II (Figure 8a) and type I (Figure 8b)
silanols. The spectra are plotted on different scales for better
visualization of the contours at longer time delays. The
development of cross-peaks is very rapid for the type II silanols
and looks essentially complete by 10 ps, whereas the cross-peak
growth is just getting underway for the type I silanols. Also,
observe that the total 2D spectrum at 100 ps (Figure 6b) is
essentially equivalent to the type I 2D spectrum (Figure 8b) at
that time. This is because of the very short vibrational lifetime of
the type II site in either solvent, which causes the signals from all
type II peaks to completely decay by 100 ps. The maximum
value of each spectrum, normalized to that of the type I, 0.5 ps
spectrum, is shown in the upper right of each spectrum to
provide a better sense of how the population fractions and
lifetimes influence the contributions of the two components at
each Tw. At long times, the signal from the type I site is the only
significant contribution. The result, |μc|

2/|μf|
2 = 2.0± 0.3 (Table

3), obtained here is slightly larger but still within error of the
value (1.7) obtained for deuterated triethylsilanol in a 4:5
Bz:CCl4 bulk solvent mixture.45 Also, in that study, an
equilibrium constant Keq = 1 was obtained versus Keq = 0.8 ±
0.1 obtained here for 1:5 Bz:CCl4 (Table 3). Despite an almost
3-fold reduction in the Bz mole fraction, Keq is barely changed.
This difference reflects the greater preference of the silica surface
silanols for Bz relative to triethylsilanol.

Table 3. Chemical Exchange Fit Parameters

silanol aI Keq |μc|
2/|μf|

2 τd (ps) Δf (cm
−1) Δc (cm

−1)

II 0.8 ± 0.1 2.0 ± 0.3 4.0 ± 0.8 101 ± 4 94 ± 1
I 0.7 ± 0.1 0.8 ± 0.1 2.0 ± 0.3 82 ± 15 95 ± 1 92 ± 2

Figure 8. Calculated chemical exchange spectra from Figure 6b
separated into contributions from (a) type II and (b) type I isolated
silanols. The rapid exchange occurring at the type II site can be
observed by the comparatively faster growth of its off-diagonal chemical
exchange peaks. The spectra are plotted on different scales to clearly
observe the contours at longer time delays. To provide a sense of their
relative magnitudes, the maximum value of each spectrum is ratioed to
that of the type I spectrum at 0.5 ps and shown in the upper right.
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The time-dependent populations of the 0−1 diagonal free
peak (black squares), diagonal complex peak (red circles), and
off-diagonal peaks (green down and blue up triangles) are
plotted in Figure 9 for the (a) total, (b) type II, and (c) type I

systems. The populations were obtained by rescaling the peak
volumes by |μα|

4 for the diagonal peaks and |μα|
2|μβ|

2 for the off-
diagonal peaks.22,45 The volumes were obtained by separately
Fourier transforming the response functions associated with
each peak and integrating the peak. (Recall that the diagonal
peaks for a given silanol type have two contributions, i.e., either

zero or an even number of exchanges). All of the populations in
Figure 9 have been normalized to (divided by) the total diagonal
free peak population at time zero, Nf(0). Figure 9 contains
important features, which are difficult to discern from 2D
contour plots. The rapid growth and decay of the type II off-
diagonal peaks are clearly illustrated in Figure 9b. The rapid
growth and decay are caused by the fast 4.0 ps dissociation time
and short vibrational lifetimes of the free (17.8 ps) and complex
(15 ps) forms In contrast, the type I off-diagonal peaks in Figure
9c grow in at a much slower pace (τd = 82 ps) and linger for
much longer because of the longer vibrational lifetimes of the
free (71 ps) and complex (46.7 ps) forms. Another noteworthy
consequence of the longer vibrational lifetimes is that the growth
of the diagonal free and diagonal complex effective populations
caused by wobbling-in-a-cone reorientation is clearly observed
for type I silanols (Figure 9c) as the rises in the populations at
very short times. In the case of type II sites, the short lifetimes
cause a rapid decay of the diagonal peaks that obscures the
growth from reorientation. In total, the influence of rotation is
faintly observed and is only discernible at the shortest times for
the diagonal free peak (Figure 9a).
The FFCFs corresponding to the complex and free forms of

both type I and II peaks are tabulated in Table 4. Given the
complexity of this system, and our assumption that spectral
diffusion is only dependent on whether a silanol is in the free or
complex form, the FFCF parameters should be considered
estimates. We did test the more general case of including one set
of FFCFs per silanol type (a total of 4); however, this greatly
increased the number of parameters in the fit without
significantly changing the resulting dissociation time constants.
As mentioned above, this is expected, as the FFCF has no
influence on the growth of the off-diagonal peaks. Perhaps the
most interesting aspect of the FFCFs is that they contain a static
inhomogeneous term, Δ4. This means that the diagonal peaks
(no exchange) will maintain some degree of correlation, or
nonzero CLS,24,61 on long time scales compared to the
experimental time window. Although the silanols appear to
have similar characteristics within a given type, including
vibrational lifetime, reorientation, and dissociation time
constants, this static inhomogeneity indicates that they still
individually experience unique structural environments on the
amorphous silica surface that do not interconvert on the time
scale of the experiments. Therefore, it is not possible for silanols
to sample all possible structural environments that contribute to
the inhomogeneous line. If the surface structure were more
dynamic, or processes like surface migration were significant, the
static inhomogeneity would be reduced or nonexistent.
In summary, the Si−OD/Bz complex dissociation times for

type II and I silanols were determined to be 4.0 ± 0.8 and 82 ±
15 ps, respectively, by modeling the growth of off-diagonal
chemical exchange peaks in the 2D IR spectra of the mixed
solvent system. The two silanol types were treated as
independent chemical exchange subsystems, with the total
spectrum given by the sum of the type I and type II spectra. The
lifetime and orientational relaxation parameters from the PSPP

Figure 9. Calculated time-dependent effective populations associated
with the diagonal free (black squares), diagonal complex (red circles),
and off-diagonal (green down and blue up triangles) peaks for the (a)
total, (b) type II, and (c) type I isolated silanol chemical exchange
systems. The growth of the diagonal effective populations from the
wobbling-in-a-cone reorientational motion is most evident for the type
I silanols because of their longer vibrational lifetime.

Table 4. FFCF Parameters from Chemical Exchange Fita

T2* (ps) Δ1 (cm
−1) τ1 (ps) Δ2 (cm

−1) τ2 (ps) Δ3 (cm
−1) τ3 (ps) Δ4 (cm

−1)

free 1.2 ± 0.3 9 ± 1 0.5 ± 0.1 2.5 ± 0.1 5.6 ± 0.2 2.2 ± 0.2 55.4 ± 0.1 5.2 ± 0.1
complex 0.5 ± 0.1 5 ± 1 0.14 ± 0.1 6 ± 1 6.8 ± 0.3 8 ± 1 38.1 ± 0.5 12.7 ± 0.6

aThe parameters are described in the Supporting Information.
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measurements were fixed parameters in the dynamic partition
model, and the spectral diffusion parameters for the diagonal
peaks were initialized with the parameters from the pure solvent
systems.
III.E. Significance of Complex Dissociation Times. In

this section, we focus on the dissociation time constant because
it is independent of the benzene concentration. The large
difference in dissociation times obtained for type I and II silanols
is particularly striking. To our knowledge, there are no studies
that have measured exchange times at solid/liquid interfaces on
these time scales. Previously, τd for deuterated triethylsilanol in
bulk 4:5 Bz:CCl4 was measured to be 9 ± 2 ps.45 The type II
silanols exchange slightly faster at 4.0 ps, and the type I silanols
exchange substantially slower at 82 ps. Thus, depending on the
nature of the silanol, the exchange rate can be similar to or much
slower than the analogous bulk liquid chemical exchange
reaction.
We can make use of a valuable finding by Zheng and Fayer45

to relate the dissociation times to the enthalpy of the formation
of the complexes. Zheng and Fayer measured the dissociation
time constants for 13 complexes involving the formation of H-
bonds, mainly π H-bonds, with a hydroxyl. Eight of these were
complexes of phenol with benzene and substituted benzenes,
such as toluene. The other five were complexes with
triethylsilanol. Of these, four were with benzene and substituted
benzenes and one was with acetonitrile. When the dissociation
times, τd, were plotted against exp[−ΔH0/RT] whereΔH0 is the
enthalpy of formation of the complexes, the 13 data points fell on
a line. Therefore, the dissociation times are correlated to the
enthalpy of formation. Figure 10 is a plot of the previous data, in
which both τd and ΔH0 were measured.45 The black points are
the phenol complexes, and the blue points are the triethylsilanol
complexes. The red points are the surface silanol/benzene

complex dissociation times measured here placed on the line at
the appropriate positions.
A fit to the prior data gives the following relationship45

τ = + [−Δ ° ]−B A H RTexp /d
1

(11)

where B = 2.3 ps and A−1 = 0.5 ps. Given that this relationship
holds for phenol with benzene and benzene derivatives,
triethylsilanol with benzene and benzene derivatives, and even
triethylsilanol with acetonitrile, it is reasonable to assume that
this relationship holds for the complexes between Bz and type I
and II silanols, which also involve an H-bond with a silanol
hydroxyl. Using eq 11 givesΔH0 =−0.6 kcal/mol for II andΔH0

= −3.0 kcal/mol for I at 295 K.
We can compare the ΔH0 values determined here to an older

study by Morimoto and Naono, who used adsorption
calorimetry to measure the heat of adsorption (ΔH0) of Bz on
silica gel from a cyclohexane solution at 30 °C.66 They found
that ΔH0 increased in magnitude for silica gels activated at
increased temperatures. The values were −1.2, −1.6, −2.0, and
−3.8 kcal/mol on samples treated at 100, 300, 500, and 800 °C,
respectively. At the same time, they found the silanol content
and total amount of Bz adsorbed on the silica gel both decreased
with increasing activation temperature. Remarkably, the ratio of
adsorbed Bz per silanol group increased as a function of
increasing activation temperature. On the basis of these findings,
they concluded that silanol groups on the surfaces treated at
higher temperatures attracted Bz more strongly than those on
the surfaces treated at lower temperature.
From the data ofMorimoto andNaono, it can be seen that the

ΔH0 values obtained from our measured τd, by using the
relationship of Zheng and Fayer, are reasonable. However, the
ΔH0 from the calorimetry experiments is an average over the
entire silanol population on the silica gel surface. For
comparison, it is better to take a weighted average of the
estimated ΔH0 for the type I (70%) and II (30%) silanols
obtained here. The result is ΔHavg

0 = −2.3 kcal/mol, which falls
nicely within the range of values they measured. However, this
comparison is approximate, as our measurement does not
include the effect of H-bonding silanols, which also enter into
the calorimetry measurements. Nonetheless, the increased
exothermicity with increased activation temperature can be
qualitatively rationalized based upon our measurements. The
type II silanols, which are associated with the smallerΔH0 value,
have been shown to be preferentially removed with increasing
activation temperature.14 Thus, with increasing temperature, the
type I isolated Q3 silanols comprise a larger portion of the
average, leading to an increasingly exothermic (more negative)
ΔHavg

0 .
What determines the large difference in dissociation times of

Bz on the two sites? Rimola et al. studied the adsorption of Bz on
dehydroxylated and hydroxylated silica surface models at the ab
initio level with DFT methods.39 Plain DFT methods using
common GGA functionals, including hybrids like B3LYP,
significantly underestimate the adsorption energies (from the
gas phase) obtained from experimental adsorption isotherms by
∼30−40 kJ/mol.While they can reasonably describe H-bonding
interactions, they do not account for van der Waals (dispersive)
forces.39,67 When an energy correction is applied to account for
dispersive forces, the calculated energies are in much better
agreement with experiments, indicating the importance of both
H-bonding and dispersive forces.39 Nonspecific van der Waals
interactions between the adsorbate and surface can influence the
complex geometry by distorting the directional H-bonding

Figure 10. Plot of data previously reported in the literature (black
points and blue points), in which both τd and ΔH0 were measured and
the linear fit (black line) to the data.45 The black points are complexes
of benzene and benzene derivatives with the hydroxyl of phenol, and the
blue points are complexes of benzene, benzene derivatives, and
acetonitrile with the hydroxyl of triethylsilanol. The red points are the
surface silanol/benzene complex dissociation times, τd, measured here
and placed on the line at the appropriate positions, yielding their values
of ΔH0.
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interactions.67 In light of these findings, the substantially longer
dissociation time for isolated Q3 silanols may be attributed not
only to the ability of the delocalized electron cloud of the Bz ring
to form a relatively stronger π H-bond with the OD but also to
the ability of the molecule to maximize van der Waals
interactions with the surrounding surface. It seems that the
best way to optimize both contributions is for the Bzmolecule to
lie relatively centered on the silanol, close in and with its ring
parallel to the surface.39 On the other hand, the type II site may
be associated with surface defects which sterically force Bz to
adopt a configuration that disrupts both interactions or
compromises one type of interaction in favor of the other. If
the type II silanol is indeed a vicinal silanol, as has been
suggested,14,64 it may be the case that in attempting to center the
ring on one silanol the relatively positive CH regions become
involved in destabilizing repulsive interactions with hydrogen of
the neighboring silanol.
Crystal violet (CV+) adsorption onto the deprotonated

silanols of planar silica in acetonitrile has been studied with
reflection SHG25 and evanescent-wave cavity ring-down spec-
troscopy.26 These studies found evidence of CV+ adsorption
onto two silanol types as well, which they similarly denote type I
and II. The authors found that the free energy of adsorption of
CV+ onto the type I and II sites was respectively ∼−30 kJ/mol
and somewhere in the range of −12 to −18 kJ/mol. They
propose that the type I silanol is surrounded by a large empty
surface area, which accommodates the large size (∼120 Å2) of
CV+, suggesting it is also of the isolated Q3 type.25,26 The more
favorable adsorption of CV+ onto the type I site is consistent
with the present findings for Bz. They propose that the type II
site has a nearby OH group that interacts repulsively with the
positively charged CV+, suggesting that it could be a vicinal site
or a site within a relatively dense silanol region. A difference
between the CV+ studies and the present work is that the relative
populations of the two sites are reversed in the CV+ studies, with
the type I site being ∼30% of the total population. The
difference may arise from the fact that H-bonding silanols also
contribute in those studies and will most likely fall in their type II
category. Here, we have limited our signal to the isolated Si−OD
stretching region of the IR spectrum. Therefore, only vicinal or
geminal isolated silanols can present two hydroxyl groups in
close proximity. Although we cannot completely rule out
geminal silanols as the identity of the type II site, geminal silanols
do not condense as favorably as vicinal silanols,9,10 which would
seem to contradict the dramatic temperature dependence of the
lower frequency type II band.14 Moreover, geminal silanols are
thought to be spectroscopically indistinguishable from isolated
Q3 silanols.10,68,69 Further investigations are needed to elucidate
the detailed structure of the type II silanols.

IV. CONCLUDING REMARKS

The reversible adsorption of Bz on the amorphous silica surface
has been probed with 2D IR chemical exchange spectroscopy as
well as polarization selective pump−probe experiments and FT-
IR spectroscopy. For H-bond acceptor molecules such as Bz,
silanol groups serve as active sites for the adsorption process.
Thus, we studied the isolated Si−OD stretching vibrational
mode, which is a local probe of the intrinsic surface dynamics
and is directly involved in the chemical exchange process. The
vibrational lifetime and orientational relaxation of the isolated
silanols were measured with PSPP experiments, and the
adsorption/desorption of Bz on the surface, from a benzene/

carbon tetrachloride solution, was directly observed with 2D IR
chemical exchange spectroscopy.
One short and one long vibrational lifetime were measured

and found to be associated with two IR-activemodes that heavily
overlap in the linear and third-order spectra. The long lifetime is
associated with the main absorption feature and was assigned to
the Si−OD stretching mode of isolated Q3 silanols, which, in
keeping with convention, was designated type I.14,25,26 The
remaining mode with the shorter lifetime was designated type II.
While the type I lifetime decreased significantly upon the
formation of a π H-bond with Bz, the type II lifetime was
effectively insensitive to whether the silanol was in the presence
of CCl4 or Bz. These results suggest that type II sites have a
greater tendency to interact with the silica surface than the
adjacent solvent.
Orientational relaxation measurements revealed that isolated

silanols are surprisingly free to undergo orientational motions
relative to other surface bound hydroxyl groups.24 The
rotational motion of the individual silanol populations was
interpreted within the framework of the wobbling-in-a-cone
model of restricted angular diffusion.56−58 In the weakly
interacting solvent CCl4, the dynamics of the two sites are
more distinct, and the frequency dependence of the orienta-
tional correlation function can be explained with a two-state
model. The weaker frequency dependence in Bz is indicative of
more homogeneous dynamics. The π H-bond interaction
appears to cause the silanols to rotate to some extent as a single
moiety and significantly slows the angular sampling.
The 2D IR measurements revealed the growth of off-diagonal

chemical exchange peaks for silanols in the mixed solvent,
showing that the free (Si−OD···CCl4) and complex (Si−OD···
Bz) silanols are in dynamic equilibrium at the surface. The
dissociation times for the Si−OD···π H-bonds formed between
Bz and the type I and II silanols were determined by fitting the
spectra with a two-site dynamic partition model and response
function calculations to describe the time-dependent popula-
tions and their 2D band shapes. The data analysis revealed rapid
and slow dissociation time constants of 4.0 and 82 ps for type II
and I silanols, respectively. The former is slightly faster than the
dissociation time for triethylsilanol in bulk solution, while the
latter is nearly an order of magnitude slower.
Using the dissociation times, we determined the enthalpies of

formation of the surface complexes to be −0.6 and −3.0 kcal/
mol for type II and I, respectively. Stronger van der Waals
interactions between Bz and the surface surrounding the type I
site likely play a role in determining its longer dissociation time
and more exothermic ΔH0. The type I site may be located in
regions that are relatively flatter and defect free compared to the
type II site, allowing Bz to approach the silanol more closely and
optimize its contact with the surface. This could lead to a
cooperative effect between H-bonding and dispersive forces for
the type I complex. In contrast, the similarity between the type II
dissociation time and that of triethylsilanol in bulk solution
suggests that dispersive forces contribute more weakly to the
interaction.
This work used 2D IR chemical exchange spectroscopy, which

is a powerful method that can be used for elucidating complex
heterogeneous dynamics occurring at surfaces and interfaces.
The results yield the dynamics of the formation and dissociation
of surface complexes at distinct surface sites of nanoporous silica
as well as structural information and the energetics of complex
formation.
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