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a b s t r a c t
The time-dependent dynamics of phenol dissolved in liquid phenylacetylene is theoretically investigated
through ﬁrst-principles calculations and molecular dynamics. By modeling the hydroxyl functional group
with a Morse potential, the bond becomes site-sensitive, vibrating at distinct frequencies when bound at
the phenylacetylene triple bond and aromatic ring. This can be exploited to simulate 2D-IR echo spectra
using Fourier analysis. The resulting dynamics yields a phenol migration time between the two primary
binding sites on phenylacetylene of 3–5 ps in excellent agreement with experiment. Furthermore, this
study ﬁnds that the mechanism for this migration is strongly inﬂuenced by an indirect pathway, in contrast to prior experimental interpretation. The dynamics is found to be primarily dictated by van der
Waals forces instead of hydrogen bonding forces, a conclusion that is supported by ﬁrst principles
calculations.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
The dynamics of liquids remains one of the larger unsolved
problems in theoretical chemistry. Understanding liquid motions
and ordering is crucial to solving problems ranging from effective
in situ drug delivery [1] to electrochemical cell design [2]. In particular, the dynamics of electrostatic interactions between electrophiles and conjugated aromatic molecules is poorly understood
[3]. Such interactions occur commonly in organic liquids, for instance, in solvent interactions and during many self-assembly processes [4]. Of special importance are species capable of hydrogen
bonding [5–7]. The presence of hydrogen bonding can dominate liquid dynamics; the most prominent example is water, which has
been extensively studied, both experimentally and theoretically
[8–17].
Recently, systems featuring hydrogen-p bonding have attracted
great interest. A particularly interesting case is phenol dissolved in
phenylacetylene. The presence of both an aromatic ring and a
carbon–carbon triple bond (hereafter referred to as the ‘‘ring’’ site
and the ‘‘triple’’ site respectively) provide two distinct hydrogen-p
binding options for the hydroxyl group hydrogen of phenol
⇑ Corresponding author.
E-mail address: smyoung@sas.upenn.edu (S.M. Young).
0301-0104/$ - see front matter Ó 2013 Elsevier B.V. All rights reserved.
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[18–22]. Though differing in energetic favorability, they are similar
enough to compete in equilibrium. As a result, phenol exhibits
migratory behavior between these sites when in solution with
phenylacetylene.
This behavior has been investigated using two-dimensional
infrared (2D-IR) vibrational echo spectroscopy. Brieﬂy, an initial
pair of light pulses creates a population of vibrationally excited
molecules. After a deﬁned waiting period, a third pulse induces
an emission from these excited states that is observed as an echo
[23–26]. The frequency of the absorbed radiation can be plotted
against that of the emitted radiation; an off-diagonal peak indicates a change in environment during the waiting period, such as
a transition between hydrogen bonding at different sites [27,28].
In a solution of 0.1 M phenol dissolved in phenylacetylene, distinct
hydroxyl stretch frequencies associated with the free (unbound)
state, hydrogen bonding at the ring site, and hydrogen bonding
at the triple site were observed [18]. From the rate of growth of
off-diagonal peaks upon the application of three pulses to stimulate a vibrational echo, it was determined that the migration time
of phenol between the triple and ring sites was  5 ps [18].
Though this experimental technique can determine the rate of
phenol migration between two phenylacetylene hydrogen binding
sites, the experiment cannot reveal the mechanism for this process.
a priori, possible mechanisms include migration of a phenol
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terminal hydroxyl group along the backbone of an adjacent phenylacetylene (a ‘‘direct’’ migration), and intermolecular hopping
from one site to another, possibly with a free intermediate state
(an ‘‘indirect’’ migration). The role of indirect migrations was
examined experimentally by taking the 2D-IR spectra of solutions
diluted with carbon tetrachloride. The additional carbon tetrachloride reduces the likelihood of indirect migration because it becomes more difﬁcult for a phenol to encounter two adjacent
phenylacetylenes. Since this dilution had no signiﬁcant effect on
the growth of the off-diagonal peaks, it was tentatively concluded
that direct migration of a bonded phenol molecule between sites of
one phenylacetylene is the primary mechanism of exchange [18].
In this work, the dynamics of phenol migration in phenylacetylene was investigated using quantum chemistry calculations and
classical molecular dynamics (MD) with potentials that were carefully ﬁtted to ab initio data. In addition to reproducing the 2D-IR
spectra of the experimental study, further analysis reveals mechanistic details that are inaccessible to experiment, giving new insights into how molecules associate and move in liquids. In
particular, it was found that indirect migrations are actually
slightly favored over direct migrations, although both occur, and
that the experimental assumption that indirect migration proceeds
via a second-order reaction rate, while direct migration follows a
ﬁrst-order reaction rate, is likely incorrect.

2. Computational approach
Using the electronic structure code GAMESS[29], the Effective
Fragment Potential (EFP) method[30] and second order MøllerPlesset perturbation theory (MP2) were used to study phenolphenylacetylene complexes. The EFP method is derived from ﬁrst
principles quantum mechanics and provides a computationally
inexpensive and highly accurate alternative to standard ab initio
quantum chemistry approaches, such as Hartree–Fock (HF) and
Density Functional Theory (DFT). Single molecules are represented
as rigid fragments, and the corresponding fragment-fragment
interactions consist of the following energy terms: Coulomb, polarization/induction, exchange-repulsion, dispersion, and charge
transfer interactions. The polarization term is iterated to self-consistency. All of these terms are derived from ﬁrst principles quantum mechanics and contain no empirically ﬁtted parameters. In
previous studies of H-bonding [31] and p-p interactions[32], the
ability of the EFP method to describe both kinds of interactions correctly was demonstrated. EFP potentials for phenol and phenylacetylene were used to determine minima for the phenolphenylacetylene complex. Next, the ab initio MP2 method was
used to reﬁne the EFP structures. The interaction of phenol and
phenylacetylene, as with most aromatics, is strongly dictated by
weakly interacting van der Waals (vdW) forces [33]. We and others
have found that MP2 handles long-range electron correlation effects very well[34–36]. Classical MD force ﬁelds were ﬁtted to
the ﬁnal MP2 results for subsequent modeling of the system at
longer length scales.
MD force ﬁelds were developed by modifying the Generalized
Amber Force Field (GAFF)[37] values to produce binding site geometries and energies and migration barriers between sites that agree
more closely with MP2 results. This included reparameterizing the
phenol C-O-H harmonic angular force ﬁeld and changing the phenol O-H harmonic bond force ﬁeld to a Morse potential. The angular terms were ﬁtted to ab initio MP2 results, while the Morse
potential strength was ﬁtted to reproduce the experimentally observed frequency [18]. These modiﬁcations imparted the necessary
ﬂexibility and accuracy to the hydroxyl, enabling it to undergo
bonding and migration with phenylacetylene more realistically.
Most notably, the designed classical molecule exhibits vibrational

sensitivity when bound at different binding sites, as seen experimentally. All remaining force ﬁeld terms involving bonds, angles,
and dihedrals between the carbon and hydrogen atoms were left
unmodiﬁed, and therefore harmonic in form with GAFF values.
This approach differs from that taken previously in the study of
a similar benzene-phenol system[38]. In that work, all force ﬁelds
were kept harmonic, and the phenol terminal C-O-H angle was
ﬁxed at 180°. Lacking vibrational site sensitivity at the terminal
O-H bond, binding events were determined using a linear response
function, and dipole moments were obtained via the linear Stark
effect to determine site-binding. The present work accomplishes
this more naturally and more faithfully reproduces the experiment
by using the site-dependent frequency shift in the O-H vibration of
phenol during hydrogen bonding.

3. Methods
First, the ground states of isolated phenol and phenylacetylene
molecules were located at the MP2/6-31G(d) level of theory. EFP
potentials were generated for these structures using the 6311++G (3df,2p) basis set. Then, several starting geometries were
used to locate low-energy structures on the potential energy surface of the phenol-phenylacetylene dimer using Monte-Carlo sampling with simulated annealing (MC/SA) from 12000 K down to
100 K. The EFP fragments were put in a 20  20  20 Å3 periodic
box. Local Newton–Raphson optimizations were performed after
every 200 MC/SA steps. The geometries of the located low-energy
structures were then optimized using the EFP method. All energy
minima were conﬁrmed to have only positive Hessian eigenvalues.
The structures corresponding to EFP potential energy minima were
then used as starting geometries to locate phenol-phenylacetylene
complex minima at the MP2 level of theory with 6-31 + G(d,p) and
6-311++G(d,p) basis sets.
The MD simulations were performed on a system of 99 phenylacetylene molecules and 1 phenol molecule using the LAMMPS
package [39]. Though effectively inﬁnitely dilute, in the present
context this system provides an environment equivalent to the
0.1 M phenol solution used for the 2D-IR measurements [18]. Further simulations were carried out on a system of 37 phenylacetylene molecules, 62 carbon tetrachloride molecules and 1 phenol
molecule. This corresponds to the concentration reported in diluted samples containing a 0.60 mol ratio between phenylacetylene and carbon tetrachloride[18]. These systems were placed in
a cubic box with periodic boundary conditions in an NPT ensemble.
Nosé-Hoover[40] barostatting was used, with a damping time constant of 1 ps and thermostatting every 1 ps. Fifty initial molecular
conﬁgurations were allowed to evolve under 1 atm and 300 K until
the supercell volume oscillated around an equilibrium value.
After that, 1 ns runs were performed at 1 atm and 300 K producing 50 ns of total data. Coulombic forces were calculated using
an Ewald summation. The charges used for phenol were
qC1 ¼ 0:2e; qC2 ¼ 0:078e; qC3
¼ 0:339e; qC4 ¼ 0:368e; qH1
¼ 0:141e; qH2 ¼ 0:144e; qH3 ¼ 0:178e; qH4 ¼ 0:381e,
and
qO ¼
0:5e, where the index number increases as the terminal hydroxyl
is approached. The harmonic C-O-H angle parameters were
K ¼ 55:0 kcal/mol and h = 109.0°. The terminal O-H Morse bond
parameters were D = 100.0 kcal/mol, a = 1.68 Å and
r0 ¼ 0:966895 Å. The charges used for phenylacetylene were
qC1 ¼ 0:089e; qC2 ¼
0:051e; qC3 ¼ 0:04e; qC4 ¼ 0:01e; qC5 ¼
0:037e; qC6 ¼ 0:19e; qH1 ¼ 0:02e; qH2 ¼ 0:088e; qH3 ¼ 0:093e,
and qH4 ¼ 0:126e, where the index number increases as the
terminal acetylene is approached. The Lennard–Jones (LJ) parameters for phenol were C ¼ 0:11 kcal/mol, rC ¼ 2:599643 Å. Finally,
the
charges
used
for
carbon
tetrachloride
were
qC ¼ 4e; qCl ¼ 0:248e; C ¼ 0:05 kcal/mol, rC ¼ 3:8 Å, Cl ¼
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0:266 kcal/mol, rCl ¼ 3:47 Å and the CCl4 angles were set to be rigid. The remaining bond, angle and dihedral force parameters were
set to AMBER standard values.
4. ab initio Results and MD potential ﬁtting
Ab initio calculations were performed both to characterize the
bound states and interactions of phenol and phenylacetylene and
to inform the construction of a classical potential for MD. First,
the energy minima of the phenol-phenylacetylene complex were
identiﬁed. EFP calculations were performed as an initial step, followed by MP2 calculations to reﬁne the EFP energy minima.
Fig. 1 shows the minima that were identiﬁed. The two lowest minima feature clear hydrogen bonding to the triple site of phenylacetylene. The other three minima feature hydrogen bonding with ring
carbons and are approximately 1.0 kcal/mol higher in energy than
the triple-site hydrogen binding conﬁgurations. In all cases, the
phenol ring prefers to form stacking or near stacking geometries
with the phenylacetylene ring, rather than T-like states where
the long axis of phenol is perpendicular to that of phenylacetylene.
This demonstrates the strength of the p–p stacking interaction and
suggests that it plays an important role in solution dynamics. Given the signiﬁcance of minimum energy conﬁgurations to the
dynamics, these minima constituted the most important benchmarks for evaluating the MD potentials. The minima identiﬁed
using the MD potentials agree very well with the ab initio results,
in both geometry and energy, as seen in Fig. 1.
Since understanding the migration of phenol is a major objective of this study, our next benchmark consisted of minimum energy conﬁgurations at different positions along the length of
phenylacetylene molecule. The oxygen of phenol was constrained
to lie in a plane normal to the phenylacetylene backbone at regular
intervals along it. These are shown in Fig. 2, along with the energy
of the corresponding MD geometry found using the same procedure. As with the unconstrained minima, the MD potentials reproduce the ab initio results quite well.
For a more global assessment of the MD potential quality, two
additional slices of the potential energy surface were considered.
At various points along the phenylacetylene backbone the phenol
was allowed to minimize a single coordinate: the distance of the
phenol hydrogen to the plane of the phenylacetylene ring. This
was done with the phenol ring both parallel and perpendicular to
the phenylacetylene ring, referred to as ‘‘T-complex’’ and ‘‘stack-

ing’’, respectively. In both cases, the individual molecule geometries were ﬁxed to their respective minima. The results are
shown in Fig. 3; for both orientations the MD energies and minimized intermolecular distances agree well with their ab initio
counterparts.
Overall, the MD potentials conform excellently to the ab initio
behavior of the phenol-phenylacetylene complex. Finally, the dipole moments of each molecule deviate minimally from their
ab initio values, and the liquid densities obtained from MD are in
reasonable agreement with experiment (Table 1).
5. Simulated IR and 2D-IR spectra and comparison to
experiment
5.1. IR spectra
To conﬁrm the validity of the MD potential, IR spectra were
simulated from the MD trajectory data. The frequency of the
anharmonic O-H bond in the phenol is sensitive to hydrogen bonding and this allows for the direct calculation of the IR spectrum
from the dipole trajectory. This is equivalent to the corresponding
experimental IR spectrum via the ﬂuctuation–dissipation theorem.
The absorption line shape function is,

IðxÞ ¼

* Z

Ra


tmax

t min

2 +

qa r a ðtÞeixt dt

where h. . .i denotes a signal average (in this case, over the 50 runs of
the MD simulation) and qa and r a ðtÞ are the charge and position of
the a atom in the run at time t. The calculated IR spectrum from a
0.1 M MD simulation is shown in Fig. 4(c) and agrees extremely
well with the experimental IR peaks in Fig. 4(a). Also shown in
Figs. 4(d) and (b) are the corresponding spectra when the solution
is diluted with carbon tetrachloride. These spectra exhibit good
qualitative agreement. The quality of the calculated spectra is lower
since the MD potential for carbon tetrachloride was not optimized
for this system.
5.2. 2D-IR spectra
2D-IR spectra were constructed by splitting the trajectory into
smaller time intervals, and Fourier transforming the dipole data
to get an IR spectrum for each interval. This essentially provides

Fig. 1. The relative energies of phenol-phenylacetylene energy minima located with MP2/6–31G+(d,p) plotted against the corresponding minimum energies found using the
MD potentials. The structure for each energy minimum is shown below the plot. The structures are dominated by the p-p stacking interaction of the aromatic rings on each
molecule, with those permitting hydrogen bonding to the triple bond constituting the lowest energy structures.
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Fig. 2. Comparison between MD and MP2 energy minima obtained with the phenol oxygen constrained to lie a ﬁxed distance along the backbone of phenylacetylene. The
optimized structures corresponding to the plotted minima are above and below the graph and indicated by lines running from the data points. Both the preference for
stacking behavior and the relative ﬂatness of the potential energy surface are reinforced.

Fig. 3. Comparison between the MD and MP2 results for slices of the potential energy surface. The phenol and phenylacetylene geometries and orientation were ﬁxed as
either (a) T-complex, where the phenol ring is perpendicular to the phenylacetylene ring, or (b) stacking, where the phenol ring lies parallel to the phenylacetylene ring, while
phenol was scanned along the backbone of phenylacetylene, with only the phenol-phenylacetylene distance allowed to relax. The horizontal axis gives the location of the
phenol hydrogen along the phenylacetylene backbone underneath the plots. The top graphs show the energy of the complexes while the lower graph gives their phenolphenylacetylene distance.

an intensity function Fðx; tÞ with time and frequency dependence.
Then, for a given waiting period s, one can ﬁnd the 2D-IR intensity
at ðx; x0 Þ by computing Fðx; tÞFðx; t þ sÞ and integrating over
time t. Due to the uncertainty relationships inherent in Fourier
analysis, the ﬁner the frequency grid, the larger the uncertainty

in this delay. A window of 4 ps was found to provide the necessary
frequency resolution while maintaining sufﬁcient temporal
precision.
Simulated 2D-IR spectra are displayed in Fig. 5. These graphs
have off-diagonal peaks that grow in by 3–5 ps, consistent with
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Table 1
A comparison of the equilibrium (T = 300 K, P = 1 atm) liquid density, and singlemolecule charge and dipole moments of experimental, ab initio and MD phenol and
phenylacetylene.
Property

Classical
model

Experiment
(ab initio)

Error in
classical model

Phenol
1.07 g/cm3
20%
Density
0.86 g/cm3
Dipole Moment
1.6 D
1.7 D (1.5 D)
7% (7%)
(parallel and perpendicular 1.6 D  0.2 D (1.4 D  0.2 D) (14%  0%)
to CO bond)
Phenylacetylene
Density
Dipole Moment

1.03 g/cm3
0.68 D

0.93 g/cm3
0.66 D

11%
3%

Fig. 4. Experimental IR spectrum for phenol in (a) pure phenylacetylene solvent
and (b) carbon tetrachloride-diluted solvent. Simulated IR spectra of phenol in the
(c) pure and (d) dilute solutions. The peaks correspond to triple-site binding (green),
ring-site binding (red), and free vibration (mauve). The order and identity of the
peaks from the MD simulations agree with experiment. Only the location of the free
peak in the simulation deviates signiﬁcantly from experiment, most likely due to
the unmodiﬁed carbon tetrachloride MD potential.

the experimental time of  5 ps. For clarity, we have chosen ðx; x0 Þ
points corresponding to off-diagonal and diagonal peaks and plotted their intensity changes with time. These plots are given in
Fig. 6, designated by their associated binding state and relative to
the triple peak height. The agreement with experiment (where
raw data are available) is very good. Most importantly, dilution
with carbon tetrachloride does not seem to affect the rate of
growth or decline of any of the peaks – a central fact used previously to argue that direct migration is the dominant mechanism.
The larger difference in intensity between the two simulated
curves in Fig. 6 is due to the overlap between the triple-site binding
and free peaks in the IR and 2D-IR spectra of the solution diluted
with carbon tetrachloride.
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tionally, this allows one to distinguish between indirect and direct
migration events.
Functions f ðtÞT i are deﬁned that are set equal to 1 when the
phenol terminal hydrogen is closest to a carbon atom on the triple
site of phenylacetylene i at time t and are set to 0 otherwise. Functions f ðtÞRj are deﬁned the same way but when the phenol terminal
hydrogen is closest to a carbon atom on the ring site of phenylacetylene j at time t, with any residence times of less than 100 fs excluded (set to 0 for that interval). Due to the coarse nature of the
criterion for binding set above, there are many cases in which
the OH may brieﬂy ﬂuctuate outside the boundary of the binding
zone of one site, which would be counted as a migration event, despite not ﬁtting the physical intuition of one. Cross-correlating
f ðtÞT i with f ðtÞRj for i – j produces a curve that reveals the time
scale of indirect migrations. Conversely, cross-correlating for i ¼ j
produces a curve that reveals the time scale of direct migrations.
As with the 2D-IR experiment, the cross-correlation only depends
on the phenol binding state at the beginning and end of an interval
of length s; whether one or many migration events occur during
this period is not reﬂected.
Such cross-correlations, averaged over all phenols and normalized for the ﬁnite time span of the MD runs, are shown in Fig. 7.
The total site-site cross-correlation curve grows in on a similar time
scale to the 2D-IR, indicating good agreement between the 2D-IR
and binding site-binding site correlations. The direct and indirect
cross-correlations each evince three time scales; attempts to ﬁt
the data to only two exponential functions yielded very poor results.
The ﬁrst one corresponds to ﬂuctuations about the threshold of the
hydration sphere around phenol of the kind discussed above, and
can be described by an exponential with a characteristic time of
about 230 fs for both pathways. A second process that corresponds
to phenylacetylene molecules staying in the solvation sphere for a
prolonged period of time before migrating has a characteristic time
of about 4 ps. These ﬁrst two time scales have been observed in similar MD studies as well [41]. Finally, a slower time scale can be identiﬁed with a characteristic time of about 30 ps for the indirect
pathway, and 90 ps for the direct pathway. The nature of the process
corresponding to this last time scale will be discussed below. In the
dilute case, the intermediate and long time scales change only for direct migration, to 2 ps for the shorter and 60 ps for the longer.
These cross-correlations reveal that indirect migration is indeed
favored in the highly dilute phenol in phenylacetylene solution
(see Fig. 7). Dilution with carbon tetrachloride to the concentration
reported brings the frequency of indirect migrations down to the
point where direct migrations become the majority of events for
the timespan from 0 to 5 ps, though overall indirect migrations
are still more numerous. Importantly, the effect of CCl4 dilution
on the time scale of indirect migration is minimal. The site-site
cross-correlation grows in on a time scale that is consistent with
experimental observables for both the phenol in phenylacetylene
solution and the CCl4 diluted solution reported in the literature.
However, despite this agreement indirect migration still remains
the dominant pathway rather than direct migration. This is contrary to the conclusion presented in the experimental literature.
7. Quantum chemistry calculations of three-molecule
complexes

6. Statistical analysis of site migration
As seen above, the MD data produce IR and 2D-IR observables
that are consistent with experiment. The 2D-IR is essentially a frequency-frequency correlation function, and frequency changes are
used to identify the different local environments. However, with
MD trajectory data in hand, it is possible to examine the local environment of the phenol OH directly and perform cross-correlations
between binding states based on their spatial location[41]. Addi-

To understand the conﬂicting conclusions from MD and experiment, the migration mechanisms were investigated in detail. Since
dilute solutions of phenol in phenylacetylene are modeled in the
current research, phenol–phenol interactions were not considered
here. It was assumed that each phenol molecule can bind to one or
more phenylacetylene molecules. The major intermolecular interaction types in this case include (a) hydrogen bonding between
the hydrogen of a phenol OH and the triple or ring site of phenyl-
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Fig. 5. Simulated and experimental 2D-IR spectra for phenol in solution of phenylacetylene. The simulated spectra were produced by interpolation of 4 ps long Fourier
windows. The agreement between experiment and theory is good.

Fig. 6. 2D-IR peak heights relative to triple-site binding peak height as a function of
time for the ring ? triple off-diagonal peak and the triple ? ring off-diagonal peak
for both pure and dilute phenylacetylene solvent. As can be seen, dilution with
carbon tetrachloride does not appreciably change the rate of peak growth.

acetylene, and (b) weaker phenyl-ring, or phenyl-triple site interactions. The latter can occur between CH hydrogen atoms and porbitals, or as p–p interactions.
Clusters formed by one phenol and two phenylacetylene molecules were investigated. As with the complexes formed by one

phenol and one phenylacetylene, the structures obtained using
the EFP method were chosen as initial points for geometry optimization with MP2 theory. Five complexes corresponding to energy
minima at the MP2/6-31 + G (d,p) level are depicted in Fig. 8. The
only three-molecule complex featuring hydrogen bonding to the
ring site is 8(c). It has the lowest energy among all three-molecule
complexes studied. The structure 8(e) shows hydrogen bonding
between the hydroxyl group and only one phenylacetylene, and
its interaction with the other phenylacetylene is pure p–p bonding.
Comparing the complexes in Fig. 8 one can see that all ﬁve have
phenol hydrogen bonded to the triple bond of phenylacetylene,
and all are stabilized by ring–ring bonding between the phenol
and an adjacent phenylacetylene in a sandwich-like conﬁguration.
This suggests that phenol dynamics is primarily dictated by vdW
forces, and the hydroxyl group of phenol forms a hydrogen bond
with any proton acceptor available nearby.
The global minimum complex in Fig. 8(c) is found to have the
hydroxyl primarily ring-site binding to one phenylacetylene and
weakly triple-site binding to another. The complex next higher
up in energy (8(b)) differs from 8(c) in that the phenol has shifted
closer to the triple site of the adjacent phenylacetylene and now
has a shorter hydrogen bond with the triple-site than with the
ring-site. These two most stable complexes suggest that indirect
migration can occur frequently because of phenol’s preference to

Fig. 7. Binding site-binding site cross-correlations corresponding to direct and indirect migration in the reference (a) highly-dilute phenol solution. The curves can each be ﬁt
(thin lines) to three exponentials with very fast, intermediate and long characteristic times. Dilution with carbon tetrachloride (b) sharply reduces the prevalence of indirect
migration in the 0–5 ps range, while correlation with direct migration remained largely unchanged. The time scale of the growth does not differ signiﬁcantly.
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Fig. 8. MP2/6–31 G (d) optimized structures (distances in Å) and relative energies (in kcal/mol) of hydrogen-bonded complexes of phenol with two phenylacetylene
molecules.

be sandwiched between two phenylacetylene triple- and ringsites. In this conﬁguration, it is quite easy for the phenol to rotate
from the triple-site on one phenylacetylene to the ring-site on another. Phenol migration between two hydrogen bonding sites of
the same phenylacetylene molecule (direct mechanism) can take
place via sliding of a phenylacetylene molecule along a phenolphenylacetylene pair. Since phenylacetylene is a conjugated system, this sliding occurs without breaking an OH-p bond at any
time; i.e., with high rate. Therefore, the MP2 data qualitatively support both direct and indirect mechanisms of phenol migration between different hydrogen bonding sites in phenylacetylene
solution.

8. Indirect migration pathway
The migration pathways were examined by analyzing the
dynamics during identiﬁed migration events. Fig. 9 shows statistics
for intermolecular distances and angles of a phenol and surrounding phenylacetylenes during migrations. During migrations of the
kind shown in Fig. 9(a), the distance between the terminal phenol’s
oxygen and two binding sites on the nearest phenylacetylene are
inversely related, with the interchange occurring rapidly at 1 ps,
indicating that this migration is direct. We also ﬁnd that the angle
of the phenol to the nearest phenylacetylene stays between 40°
and 90°, consistent with a T-complex geometry. Throughout the
migration, the next-nearest phenylacetylene remains at a roughly
constant distance, and we observe an angle with phenol < 30°,
consistent with a stacking conﬁguration. These data suggest that
direct migrations occur with phenol in a T-complex that is stabilized by a second nearby phenylacetylene. The migration in

Fig. 9(b) is markedly different. Here, the distances of phenol to triple- and ring-sites on different phenylacetylenes are inversely related, indicating an indirect migration. From the absolute
distances to the origin (‘A’) and destination (‘B’) phenylacetylenes,
it is clear that both are close throughout the migration, strongly
supporting the notion of a three-molecule complex. However, the
angles of the phenol with the phenylacetylenes participating in
indirect migration do not rise above 20°; in contrast to direct
migrations, all nearby phenylacetylenes prefer to be oriented in a
‘‘stacking’’ conﬁguration. The data for both migrations are in good
agreement with the ab initio three-molecule energy minima,
revealing migration dynamics that are dominated by these
conﬁgurations.
From this information, a picture of the mechanism for indirect
migrations emerges, as well as a possible explanation for the 2DIR and spatial correlation results. It is evident in both the foregoing
quantum chemistry calculations and molecular dynamics simulations that phenol and phenylacetylene dynamics are dominated
by stacking and vdW interactions with phenol in close proximity
to multiple phenylacetylenes. If given the chance, phenol will preferentially form a loose sandwich structure in which it lies between
adjacent phenylacetylenes.
Indirect migrations mainly occur when phenol is bound in a
three-molecule complex with two phenylacetylenes. In the solution of pure phenylacetylene the phenol is essentially always in a
three-molecule complex, but in the dilute limit two-molecule complexes and unbound phenol are likely as well. In this three-molecule complex, the phenol hydrogen is able to migrate to the
other phenylacetylene with an ease that is comparable to a direct
migration. This explains the reduction in indirect migrations occurring in the dilute case observed in the cross-correlation data: the

Fig. 9. Time evolution of the average distance between phenol and adjacent phenylacetylenes during (a) direct and (b) indirect triple ? ring migration that occurs at the
1000 fs mark. Distances are from the terminal phenol’s oxygen atom and the nearest carbon atom (or binding site, if indicated) of the phenylacetylene. In the direct case, a
second phenylacetylene remains close throughout, appearing to mediate the exchange, and in the indirect case, the close proximity of both phenylacetylenes indicates a
three-molecule complex of the kind characterized by the ab initio calculations.
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frequency of indirect migrations is dependent on the population of
three-molecule complexes, and the ratio of direct to indirect
migrations reﬂects the presence of a signiﬁcant number of twomolecule complexes in the dilute case. This also suggests that
the longest time scale ﬁt to the cross-correlation data, whose contribution is more prominent in the dilute case, corresponds to
three-molecule complex formation which yields a slow rise in indirect migrations and breakup which results in a decay in direct
migrations as phenols become permanently separated from the
phenylacetylenes to which they were initially bound. Therefore
the 2D-IR measurements, probing the < 10 ps time scale, only capture direct migrations and the indirect migrations in pre-existing
three-molecule complexes. The formation (and breakup) of the
three-molecule complexes will occur too slowly to appreciably affect the dynamics on the time scale observed by 2D-IR. Thus, the
2D-IR signal remains unchanged because the dominant indirect
migrations proceed via ﬁrst-order reaction dynamics and are as
insensitive to phenylacetylene concentration as direct migration.
9. Conclusion
Experimental observations [18] of phenol dynamics in phenylacetylene were reproduced at a theoretical level using ab initio
methods and classical molecular dynamics. It was demonstrated
that classical dynamics is sufﬁcient to treat the electrostatic and
hydrogen bonding interactions between electrophiles and conjugated aromatic systems even when vdW forces are signiﬁcant.
Constructing a phenol potential with vibrational sensitivity to the
local environment allowed for generation of a simulated 2D-IR
spectrum directly from the dynamics that developed off-diagonal
peak growth at a rate that agreed well with experiment for both
pure and dilute phenylacetylene solvent.
Furthermore, quantum chemical studies revealed that the triple
bond is the more favorable hydrogen binding site for the phenol
hydroxyl when compared to the phenyl ring. Both EFP and MP2
methods show that a three-molecule sandwich stacking orienta-

tion is generally preferred in solution, due to increased p-p bonding. This is reﬂected in the dynamics, which indicates that
migrations of the phenol hydroxyl between sites on different phenylacetylenes (indirect migration) are competitive with, or even
preferred over intramolecular (direct) migrations. Crucially, in
complexes with multiple phenylacetylene molecules, the hydroxyl
hydrogen is easily able to migrate between molecules, resulting in
the effective ﬁrst order kinetics observed in 2D-IR.
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Appendix A
The EFP potentials were used to locate stable phenol-phenylacetylene complexes. Four different structures, shown in Fig. 10,
were located. Two structures (10(c), (d)) represent T-shaped
hydrogen bonded complexes, and the other two (10(a), (b)) exhibit
both p–p stacking and hydrogen bonding. With respect to the
hydrogen bond position, two complexes (10(a), (d)) have the proton interacting with the triple site, while two others (10(b), (c))
are formed by hydrogen interaction with the ring site.
The relative energies of the four dimer complexes shown in
Fig. 10 are all within  1:1 kcal/mol, with structure 10(a) predicted
to be lowest in energy. All four structures along with a few more
complexes from the MC run (that do not have corresponding min-

Fig. 10. Structures (distances in Å) and relative energies (in kcal/mol) of EFP optimized phenol-phenylacetylene complexes.

Fig. 11. EFP optimized structures (distances in Å) and relative energies (in kcal/mol) of H-bound complexes of phenol with two phenylacetylene molecules.
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ima at the EFP level) were used for further computations using
MP2.
Appendix B
Five minimum-energy structures of phenol complexes with two
phenylacetylene molecules were located based on the initial lowenergy geometries obtained with the MC/SA procedure, as well
as by sampling the phase space using the MD potentials parametrized from the two-molecule MP2 results.
As seen in Fig. 11, the obtained three-molecule complexes can
be classiﬁed into two groups: featuring triple-site H-bonding only
(11(a)–(c)) and those having the hydroxyl proton bound to the
ring-site of one of phenylacetylene molecules (11(d) and (e)). The
global minimum 11(a) has two H-bonds with the triple sites of
both phenylacetylenes. The low-energy structures 11(a), (b) and
(d) involve p-p stacking, while the complexes without p-p bonding
(11(c) and (d)) are higher in energy.
Interestingly, all ﬁve structures contain sub-structures that are
similar to the dimer species described above. For example, structures 11(a) and (e) resemble a second phenylacetylene molecule
bound to the EFP complex 10(a); structure 11(b) has some similarity with structures 10(a) and (b); structure 11(c) consists of a Tshaped complex with some similarity to 10(d); and structure
11(d) has a phenol hydrogen pointing to the center of a phenyl ring
of phenylacetylene, like structure 10(c).
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