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ABSTRACT: Phenol—benzimidazole and phenol—pyridine proton-coupled elec-
tron transfer (PCET) dyad systems are computationally investigated to resolve the
origins of the asymmetrically broadened H-bonded OH stretch transitions that
have been previously reported using cryogenic ion vibrational spectroscopy in the
ground electronic state. Two-dimensional (2D) potentials describing the strongly
shared H atom are predicted to be very shallow along the H atom transfer
coordinate, enabling dislocation of the H atom between the donor and acceptor
groups upon excitation of the OH vibrational modes. These soft H atom potentials
result in strong coupling between the OH modes, which exhibit significant bend-
stretch mixing, and a large number of normal mode coordinates. Vibrational
spectra are calculated using a Hamiltonian that linearly and quadratically couples
the H atom potentials to over two dozen of the most strongly coupled normal
modes treated at the harmonic level. The calculated vibrational spectra qualitatively

reproduce the asymmetric shape and breadth of the experimentally observed bands in the 2300—3000 cm™ range. Interestingly,
these transitions fall well above the predicted OH stretch fundamentals, which are computed to be surprisingly red-shifted (<2000
cm™!). Time-dependent calculations predict rapid (<100 fs) relaxation of the excited OH modes and instant response from the
lower-frequency normal modes, corroborating the strong coupling predicted by the model Hamiltonian. The results highlight a
unique broadening mechanism and complicated anharmonic effects present within these biologically relevant PCET model systems.

B INTRODUCTION

Proton-coupled electron transfer (PCET) processes are vitally
important throughout biology and chemistry."> One of the
best-known and studied examples involves the strongly H-
bonded Tyr;—His g, pair located near the oxygen-evolving
complex (OEC) in Photosystem IL>* Tyr, mediates electron
transfer from the OEC to photo-oxidized cytochrome P680.
These electron transfer events are accompanied by concerted
proton transfer from Tyr;, to His gy Due to the significance of
the Tyr,—His gy pair, there have been many studies exploring
PCET kinetics within model Tyr—His systems.’”'' In
particular, Hammarstrom and co-workers have performed
time-resolved electronic spectroscopy on a series of phenol—
benzimidazole and phenol—pyridine dyad molecules where
photoexcitation of an electron-accepting moiety, like Ru-
(bpy);**, initiated electron transfer from phenol to the excited
electron acceptor.'””~"* Recovery of the electron acceptor’s
ground electronic state served as a measure of the PCET
kinetics, with H vs D kinetic isotope effects being used to infer
the mechanisms of the PCET reactions. While there is a clear
correlation between measured PCET kinetics and proton
donor—acceptor distance, quantitative modeling proved
difficult, especially for dyads with very short (<2.6 A) proton
donor—acceptor distances.”> The lack of agreement was
attributed to the use of a simple Morse oscillator to model
the proton potential energy surface. Additionally, variations of
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the proton donor—acceptor distance due to thermal excitation
of low-frequency soft modes (“vibrational enhancement”) are
known to be critically important to PCET reaction
dynamics."*™" It is evident that renewed studies are needed
that directly target and more accurately model the proton
transfer coordinate to better understand the proton transfer
potential surface and its dependence on low-frequency
vibrational motions.

To this end, we have recently reported vibrational spectra of
several phenol—benzimidazole and phenol—pyridine dyad ions
isolated and cryogenically cooled in the gas phase.”””' Three
of these systems are shown in Figure 1 and are the focus of the
present study. The three dyads are labeled BP, PP, and BB (B
= benzimidazole, P = pyridine; the first letter indicates the
protonated group para to the phenol OH, while the second
letter indicates the H-bond acceptor group in the ortho
position). The vibrational spectra of each model revealed
highly red-shifted and extremely broadened features that were
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Figure 1. PCET model dyad systems. (a) BP, (b) PP, (c) BB. B =
benzimidazole, P = pyridine. The first letter represents the protonated
group para to the phenol OH. The second letter designates the H-
bond acceptor group. The {x, y} coordinate system for the H atom in-
plane degrees of freedom is shown in panel (a).

assigned to the strongly H-bonded OH stretch transitions
(Figure 2, red). These transitions each display relatively strong
onsets near 2500 cm™"' with weaker asymmetric shoulders that
extend to >3000 cm ™. Upon deuteration of the labile protons,
weak and symmetrically broadened features appeared near
1900 cm™' that were assigned to the OD stretches (lower-
frequency region of Figure 2). The red shifts in the frequency
maxima in the OD and OH stretch regions follow the
predicted proton donor—acceptor distances: PP < BP < BB.
Several computational strategies were employed to explain
the extensive broadening observed in the OH and OD stretch
regions. Harmonic calculations predicted significant OH bend
character throughout many of the normal modes in the
fingerprint region. This suggested that stretch-bend Fermi
resonance interactions, a common broadening mechanism in
strongly H-bonded systems, could be present.”” ** Calcu-
lations revealed, however, that Fermi resonance interactions
were expected to be minimal in the 2300—2600 cm™' range
due to the red-shifted OH stretch transitions being largely out
of resonance with overtones and combination bands involving
the OH bend.?® It was concluded, therefore, that Fermi
resonances play a minor role in the OH stretch broadening but

could contribute to some of the observed spectral
substructures.

The other common broadening mechanism observed for
strongly H-bonded OH/NH stretch transitions are Franck—
Condon-like progressions that derive from the coupling of the
high-frequency proton stretch to low-frequency soft modes
along the donor—acceptor coordinate,”** the same motions
that drive vibrational enhancement of PCET kinetics in
solution. We first calculated the dependence of the OH and
OD stretch frequencies on variations in the lowest-frequency
normal mode that significantly displaces the O—N proton
donor—acceptor distance within the classical turning points at
the zero-point level. The >300 and >200 cm™' variations
predicted for the OH and OD stretch frequencies, respectively,
with O—N displacement along the low-frequency normal mode
could account for the experimentally observed breadth of the
OH stretch onset features and the symmetrically broadened
OD stretches. This simple model, however, did not account for
the asymmetric OH stretch shoulders nor did it provide a more
robust interpretation into the states involved that give rise to
the broadening. To try to resolve these issues, we used a model
Hamiltonian®® that coupled the OH stretch to nearly a dozen
additional low-frequency normal modes that showed large
variations in the O—N donor—acceptor distance. Anharmonic
calculations predicted sizeable (100—300 cm™") cubic coupling
constants between the OH stretch and these soft modes. The
model predicted a series of transitions, corresponding to
numerous OH + soft-mode combination bands, that
qualitatively accounted for the asymmetric shoulders in the
OH stretch region. Although neither model was completely
satisfactory, the results’’ demonstrated the importance of the
dependence and coupling of the OH stretches to a multitude
of soft normal modes along the H atom transfer coordinate.

In a closely related study, Blodgett et al. reported the
vibrational spectrum of methyl anthranilate in the S; excited
electronic state.”’ In this system, electronic excitation
promotes the formation of a strong NH—O H-bond that is
not present in the ground electronic state. Curiously, the
expected H-bonded NH stretch transition was not observed in
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Figure 2. Cryogenic ion vibrational spectra of the dyad systems. (a, d) BP, (b, e) PP, (c, f) BB. Spectra for the deuterated isotopologues are shown
in the lower-energy region in the left panels, with the presumptive OD stretch feature colored in red. Spectra for the light isotopologues in the
higher-energy region are shown to the right, with the presumptive OH stretch feature colored in red.
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the S, vibrational spectrum. Calculations that incorporated
Fermi resonance interactions and Franck—Condon soft-mode
coupling could not explain the absence of the NH stretch. An
alternative approach was introduced in which a two-dimen-
sional (2D) potential describing the stretching and in-plane
bending degrees of freedom of the shared H atom was coupled
to the remaining vibrational degrees of freedom.”® The
calculated H atom potentials were soft enough in the S;
excited state to allow dislocation of the shared H atom upon
NH stretch excitation. The H atom dislocation resulted in
large changes in the forces along the other degrees of freedom,
leading to strong coupling between the NH modes and
numerous low-frequency modes. The S, vibrational spectrum
predicted by coupling the excited-state H atom potential to 10
low-frequency modes revealed an extreme example of intensity
sharing of the NH stretch bright state with a large number of
background doorway states spanning >1000 cm™". An indirect
coupling mechanism was identified where off-resonant NH +
soft-mode doorway states are strongly coupled to doorway
states in close resonance with the NH fundamental.

Herein, we apply the same approach used for methyl
anthranilate to gain an improved understanding of the
broadening mechanism at play in the PCET dyad systems.
Quite surprisingly, the calculations reveal incredibly soft H
atom potentials that result in significant dislocation of the H
atom upon OH excitation in the ground electronic state.
Consequently, the inclusion of more than two dozen strongly
coupled normal modes is required in the model Hamiltonian.
The predicted vibrational spectra qualitatively reproduce the
lineshape profiles and spectral breadths in both the OH and
OD stretch regions. Time-dependent calculations reveal
ultrafast (<100 fs) relaxation of the excited OH modes into
the lower-frequency normal modes. The results illustrate how
significant high-order mechanical anharmonic effects that can
couple a shared H atom or proton to the other vibrational
degrees of freedom in very strongly H-bonded systems
manifest in vibrational spectra.

B EXPERIMENTAL METHODS

The cryogenic ion mass spectrometer has been described in
detail previously.””*" Briefly, protonated ions were generated
through electrospray ionization of ~200 yM solutions of the
dyad molecules in methanol with trace formic acid.
Deuteration of the labile protons was accomplished by
saturating the source region with D,O vapor. The generated
ions were guided through three differentially pumped stages
using RF-only hexapole guides. The ions were collisionally
cooled and stored in a 3D quadrupole Paul trap (Jordan TOF)
attached to the second stage of a closed-cycle helium cryostat
(Sumitomo). The trap was held at 28 K, enabling the
formation of weakly bound N, messenger tag complexes with
the parent ions. The N, was derived from trace impurities in
the helium buffer gas. An RF sweeping field applied to the trap
entrance electrode at the secular frequency of the untagged
parent ion removed the parent ions from the trap. The
remaining tagged ions were then excited by the output of a
tunable optical parametric oscillator/amplifier (OPO/OPA)
system (LaserVision) that was pumped by a Nd:YAG laser
(Continuum Surelite EX, 1064 nm, 10 Hz, 7 ns, 660 mJ/
pulse). The output of the OPO/OPA is tunable between 2100
and 4500 cm ™" with about 3 cm™" resolution. For excitation in
the lower-frequency 1000—2100 cm™' range, the signal and
idler outputs of the OPA were difference frequencies mixed in

AgGaSe,. Following excitation, the ions were extracted into a
reflectron time-of-flight mass spectrometer and detected with a
dual MCP detector. The tag-loss photofragmentation yield was
recorded as a function of laser frequency to measure the
vibrational action spectrum. The spectra were normalized to
the output laser power, which has a large variation over the
tuning range. Spectra in the higher-frequency region were
collected at reduced laser powers to ensure linearity. The
presented spectra were averages of approximately 20 scans.

B COMPUTATIONAL METHODS

The computational strategies employed here were described in
more detail previously””*”*>** and will be briefly summarized.
The positions of all atoms except for the shared H atom were
described using the Z-matrix coordinate representation. The
shared H atom was described by the Cartesian coordinates {x,
y, z} based on a localized reference frame relative to the
positions of the remaining atoms. The x-axis lies along the O—
N donor—acceptor axis with the origin at the midpoint
between these two atoms. The y-axis is perpendicular to the x-
axis and lies in the plane defined by the N, O, and C atoms
directly below the O atom (see Figure 1). The z-axis follows
directly from these two definitions.

The Wilson F and G matrices®* were then calculated at the
equilibrium configuration, where the F matrix is calculated
from the Hessian obtained in a Gaussian frequency
calculation.>® All calculations were carried out at the B3LYP/
6-311+G(d,p) level of theory. The {x, y} degrees of freedom
were decoupled from the remaining internal degrees of
freedom by zeroing the appropriate elements of the F and G
matrices. The zeroed elements of the latter matrix were small
based on the coordinate choice. Diagonalizing these two
matrices leads to a set of normal coordinates that, when
combined with the {x, y} coordinates, fully describe the
internal degrees of freedom.

The potential was expanded in terms of the normal
coordinates to second order as

1 7
v=1V,-fQ+ -Q'FQ
0 2 (1)
where {V,, f, } are the potential, forces, and force constant
matrix written as functions of x and y when all remaining
coordinates are held at their equilibrium values. The dipole
and its derivatives were calculated as

d=d,+D'Q )

where {d,, D} are the dipole components and their derivatives
calculated in an Eckart frame. The {x, y} dependencies of the
potential and dipole parameters were modeled on a grid of
points that were used as input for a discrete variable
representation (DVR) calculation. o

The full Hamiltonian takes the form H = T + V, where the
potential is given by eq 1. The coordinate choice leads to a
simple approximate form for the kinetic energy contribution

T 1 2 2 1 2
T = 2[Gup? + Gl + ~ 3 P
1G] + Gup1 + Z : o

where P; is the normal coordinate momentum. The kinetic
contribution was treated at the harmonic level, and the
coordinate dependencies of the Wilson G-matrix elements
were ignored. The kinetic coupling of the {x, y} degrees of
freedom to the other vibrational coordinates was also
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Figure 3. Equipotential energy curves for V; of eq 1 as a function of the {x, y} coordinates of the phenol H atom for the three dyad species of
Figure 1 with all other atoms fixed at their equilibrium positions. (a) BP, (b) PP, (c) BB. The contours are spaced at 1000 cm ™" intervals and result
from a two-dimensional cubic spline fit. The potentials clearly show the influence of the two possible binding sites for the H atom.
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Figure 4. Six lowest-energy wavefunctions (black) corresponding to n = 1—6 of eq 5 describing the H atom {x, y} degrees of freedom of dyad BP.
(a) Ground state . (b) W, represents one quantum in the in-plane OH bend. (c) W5 nominally corresponds to one quantum in the OH stretch
but shows clear bend character. (d) ¥, and (e) W qualitatively resemble the stretch and bend overtones, respectively. (f) Wy is not easily described
in a local mode harmonic picture. The wavefunctions indicate significant dislocation of the H atom along the transfer coordinate upon vibrational

excitation.

neglected. This coupling is small due to the light proton and
the choice of the {x, y} internal coordinates. G,, and G,, were
set to the equilibrium values of 1.0280 and 1.0266 amu™’,
respectively, for BP and PP. For BB, the equilibrium values for
G,y and G, were 1.0282 and 1.0268 amu”’, respectively.
The contributions that depend solely on the {x, y} degrees

of freedom were used to define the H atom Hamiltonian

A 1

xy _ 1 2 2
H - Z[Gxxpx + nypy] + VE) (4)
The associated ei%enfunctions and eigenvalues were solved
using a sinc DVR’ based on a 31 X 24 grid of {x, y} points.
Only those ~500 points for which V|, was less than 19,000

cm ™! were included in the 2D-DVR calculations. The eigenkets
were expressed as linear combinations of the DVR kets ly)
centered on the points {x;, y;} as

) = Z D) )
k (5)

The eigenvalues are written as E("”). Based on previous
studies, the number of grid points used is expected to yield
eigenvalues that are accurate to 1 cm™" for the 10 lowest states.

The final Hamiltonian was set up as a direct product of N of
the lowest-energy kets described above and a harmonic
oscillator basis Iv) describing a subset K of the Q degrees of
freedom. For a given subset K, the specific normal modes
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chosen for inclusion in the basis were selected as follows. The

value f?/F; was evaluated in wavenumbers at the midpoint for
the H atom transfer. The K — 1 normal modes with the largest
value of this metric were included in addition to the normal
mode that closely approximated the out-of-plane OH motion.

The sum of products form of the potential in eq 1 leads to
easy evaluation of the matrix elements. Evaluating the full
Hamiltonian matrix only requires linear and quadratic simple
harmonic oscillator matrix elements of the position and
momentum operators. The size of the harmonic oscillator
basis Iv) was controlled by a single parameter M. Only those
basis functions for which ), v; is less than M, where v, are the
normal mode quantum numbers, were included in the basis.

The Hamiltonian in the [¥,)lv) basis has many zero
elements and is ideal for iterative methods for solving the
Schrodinger equation. To obtain vibrational spectra, the three-
stage ap3pr0ach of Stanton was followed.”” First, the Davidson
method”® was used to calculate the ground-state eigenfunction,
|®D,,), of the full Hamiltonian as a linear combination of the
basis ['¥,)Iv). We next evaluated d,|®,, and d,|®,,), where d,
and d, are the in-plane components of the dipole given by eq 2.
The d, and d, vectors were the starting vectors of the Lanczos
method,* which, as an output, provides the eigenvalues E; and
the eigenfunction expansion coefficients A, = (Dld D).
The spectral intensities were calculated as

2 2
I = (A + A)LE, (6)

The z-components of the dipole were included in initial
studies, but their contribution to the spectra under
consideration was found to be negligible.

B RESULTS AND DISCUSSION

H Atom Potentials and Dislocation. The two-dimen-
sional potentials describing the H atom {x, y} degrees of
freedom are presented in Figure 3. The global minimum
position of the H atom at the phenol O atom site occurs
around {—0.3, 0.3 A} in each dyad. Each potential also exhibits
a soft shelf with a local minimum at the N atom site about
3000 cm™' higher in energy. BB has the deepest and most
localized N atom minimum around {0.3, 0.5 A}. In contrast,
the N atom minima in BP and PP occur around {0.2, 0.3 A}
and are quite shallow and broad. Despite having the same
phenol—pyridine motif, the subtle influences from the identity
of the charged group appended at the para position can clearly
be seen in the BP and PP potentials. The differences between
the potentials are consistent with the structural variations
among the dyads. BP and PP have shorter O—N equilibrium
distances of 2.54 and 2.53 A, respectively, compared to 2.56 A
in BB. The shorter O—N distances in BP and PP result, in part,
from the larger bond angles in the six-membered pyridine ring
compared to the five-membered imidazole ring. The shallow
nature of the H atom potentials and close proximity of the O
and N binding sites, therefore, are expected to have a
significant impact on the OH vibrational modes.

The H atom wavefunctions for the six lowest-energy
eigenstates of BP are shown superimposed on the 2D potential
in Figure 4. Those for PP and BB are qualitatively similar and
are presented in Supporting Information Figures S1 and S2,
respectively. The lowest-energy state corresponds to the
ground vibrational level (Figure 4a). The ground-state
wavefunction ¥, is largely localized to the O atom site,
although modest probability amplitude extends toward the H

atom transfer midpoint. The ¥, state shows probability
amplitude along the COH in-plane bending coordinate (Figure
4b), and we qualitatively describe this state as one quantum in
the OH bend. The W, state (Figure 4c) shows amplitude along
both the COH bending and OH—N stretching coordinates,
indicating strong mixing of the bending and stretching H atom
degrees of freedom. For simplicity, we qualitatively describe
this state as one quantum in the OH stretch. Importantly, the
Y, wavefunction predicts significant dislocation of the H atom
along the transfer coordinate upon excitation of this state. The
remaining three states are difficult to describe in a local mode
harmonic picture. The ¥, (Figure 4d) and W (Figure 4e)
states most closely resemble the OH stretch and bend
overtones, respectively. Given the substantial bend-stretch
mixing and dislocation over both H atom sites, however, the
description of these higher-energy states as overtones is
qualitative at best. We emphasize that these calculations were
performed in the ground electronic state with all other atoms
held fixed at their equilibrium positions. The calculations,
therefore, predict that the eigenfunctions of the H atom are
strongly influenced by the N atom site even when all other
modes are held frozen such that dislocation of the H atom
between the donor and acceptor sites upon vibrational
excitation is expected in these dyad systems even at 0 K.
The transition energies from the ground vibrational state to
the five higher-energy eigenstates (AE%Y) = EEI’C » — E(®7) are
given in Table 1 for the three dyads. The very soft and shallow

Table 1. Transition Energies (AE$;”, cm™) from the ¥,
Eigenstate to the Five Higher-Energy States Depicted in
Figures 4 and § for the Light and Deuterated Isotopologues
of the Three Dyads

transition energy (cm™")

compound  isotopologue  AE3 AES; AEY AE¥, AEg;

BP h; 1362 1951 2607 2805 3556
d; 1017 1654 2003 2273 2751
PP h, 1344 1870 2533 2776 3479
d, 1014 1608 1988 2165 2680
BB h, 1407 2078 2479 2785 3303
d, 1032 1759 2040 2362 2704

potentials result in the nominal OH stretch fundamental
transitions, AEg’i y), being highly red-shifted with transition
frequencies between 1850 and 2100 cm™'. These large red
shifts are consistent with our previously reported results from
vibrational second-order perturbation theory (VPT2) calcu-
lations, which placed the OH stretch fundamentals around
2200 con™L*' Just as surprising are the frequencies of the
qualitative stretch and bend overtone transitions, AE(? and
AES?), respectively. The OH stretch overtones occur near
2500 cm™’, only several hundred wavenumbers higher than the
corresponding fundamentals. In contrast, the OH bend
overtones for BP and PP occur at more than double the
frequency of the fundamentals. We again emphasize that the
description of these states as overtones is highly qualitative
given the mixing of the H atom degrees of freedom.
Comparisons, therefore, to typical slightly anharmonic
oscillators are not straightforward. Nevertheless, the calcu-
lations highlight the unique influence of the very soft H atom
potentials on the OH vibrational transitions in the dyad
systems.
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Figure S. Six lowest-energy wavefunctions (black) corresponding to n = 1—6 of eq S describing the D atom {x, y} degrees of freedom of deuterated
dyad BP. (a) Ground state ¥,. (b) W, represents one quantum in the in-plane OD bend. (c) ¥; corresponds to one quantum in the OD stretch.
(d) ¥, and (e) ¥, qualitatively resemble the bend and stretch overtones, respectively. (f) ¥ is not easily described in a local mode harmonic
picture. The wavefunctions display less dislocation and bend-stretch mixing compared to the light isotopologue shown in Figure 4.

For comparison, the D atom wavefunctions for the
deuterated d; isotopolgues of BP are presented in Figure S.
Those for PP and BB are given in Figures S3 and $4,
respectively, and are again qualitatively similar. As expected,
the wavefunction for the ground vibrational state ¥, (Figure
5a) and OD bend fundamental (¥,, Figure Sb) are more
localized to the O atom site compared to the light
isotopologue. The ¥, state (Figure Sb), representing the OD
stretch fundamental, does exhibit appreciable dislocation of the
D atom over the transfer coordinate. Compared to the light
isotopologue, however, the D atom W¥; state shows less
apparent mixing between the bend and stretch degrees of
freedom. The OD stretch fundamental frequencies, AEg’f ”) , are
still predicted to be abnormally red-shifted with transitions
falling in the 1600—1750 cm™! range, about 0.85 times lower
than the corresponding OH stretches for each dyad. In
contrast to the light isotopologues, the qualitative OD bend
overtones (W, Figure 5d) are now predicted to be lower in
energy than the nominal OD stretch overtones (W, Figure
Se). The OD bend overtone transition frequencies, AEE{{’ Y, are
predicted to occur around 2000 cm™, slightly less than double
the bend fundamental frequencies. The OD stretch overtones,
AE$ Y, fall around 2200 cm™ and display large anharmonic
shifts compared to the fundamental frequencies. The OD
bends, therefore, appear to behave more like a typical
anharmonic oscillator, while the OD stretches are still heavily
influenced by the softness of the potentials along the transfer
coordinate.

Vibrational Spectra. To investigate how the soft H atom
potentials and dislocation manifest in the vibrational spectra,
we employed the model Hamiltonian discussed above that
couples the H atom {x, y} degrees of freedom to the other
normal mode coordinates. We include those normal
coordinates that most strongly depend on the H atom {x, y}
potential. Since the H atom {x, y} potential will depend
strongly on the O—N distance, many of the normal
coordinates included involve fluctuations in the O—N distance.
The results for the three light isotopologues in the nominal
OH stretch region are presented in Figure 6. Results for the full
spectral range (1000—3600 cm™") are given in Figure SS. The
notation {M, N, I, K} indicates the values of the four
parameters in the calculations that determine the size of the
basis set. M is the size of the harmonic oscillator basis Iv) such
that only those basis functions for which Y, v; < M are
included. N is the number of H atom eigenstates, I is the
number of Lanczos iterations, and K is the number of normal
mode coordinates. Convergence was tested by varying the size
of the basis sets, with examples given in Figure S6.

Interestingly, very little oscillator strength is predicted in the
region of the expected OH stretch fundamentals near 1900
cm™". Similar to the predicted NH stretch region for excited-
state methyl anthranilate, the intensity of the OH fundamentals
appears to be distributed over many background states deriving
from the harmonic basis that, consequently, results in the
apparent absence of experimentally observed transitions. We
note that the large number of normal modes needed (33) for
convergence indicates the strong dependencies of the normal
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a) BP {4, 12, 2000, 33}

(b) PP {4, 14, 2000, 33}

c) BB {4, 14, 2000, 33}

1800 2000 2200 2400 2600 2800 3000 3200 3400
Wavenumber (cm-)

Figure 6. Calculated IR spectra of the light isotopologues in the OH
stretch region using the model Hamiltonian described in the text. (a)
BP, (b) PP, and (c) BB. The basis set is defined by the quantities {M,
N, I, K} discussed in the text. Individual transitions are modeled as
Gaussian line shapes with FWHM = 7 cm™'. The experimental
spectra, shown in red, are red-shifted for better comparison to the
calculated spectra.

mode degrees of freedom to H atom dislocation. It is likely
that a larger basis set would yield further dilution of the
transitions predicted in this spectral region.

The most intense transitions are predicted in the 2200—
2600 cm ™' region. It is difficult to discern from which H atom
eigenstates the oscillator strength derives. Our time-dependent
calculations (discussed below) indicate that the H atom
eigenstates are themselves highly mixed. The oscillator
strength, therefore, derives from a combination of the ¥,
W, and ¥ states. The complex nature of the H atom
wavefunctions depicted in Figure 4 means that contributions
ultimately arise from a superposition of OH bending and
stretching motions.

Importantly, this region of more intense transitions
reasonably accounts for the observed absorption onset features
in the experimental spectra. While the predicted band centers
are red-shifted compared to experiment (~100 cm™' for BB,
~200 cm™" for BP, ~300 cm™" for PP; experimental spectra in
Figure 6 are shifted for better comparison), the spectral
breadths and trends are consistent with the experimental
spectra. For example, PP is predicted to have the most
congested and broadest spectrum overall, while BB has the
smallest breadth of transitions. Between 2500 and 3400 cm™),
the calculations predict a near continuum of weak transitions
in the region of the experimentally observed asymmetric
shoulders. PP is predicted to have the strongest set of
transitions in this region, while BB has the weakest, in line with
the experimental spectra. Although not quantitative, the
calculated spectra qualitatively reproduce the profile and
overall breadth of the experimentally measured spectra.

The calculated spectra for the deuterated isotopologues are
presented in Figure 7. The spectra are dominated by the
fingerprint normal mode transitions that are included in the
model Hamiltonian. A distribution of weak transitions is

(a) BP {4, 12, 2000, 33}

(b) PP {4, 12, 2000, 33}
/\w
(c) BB

{4, 12, 2000, 33}

oMl

1200 1400 1600 1800 2000
Wavenumber (cm-')

Figure 7. Calculated IR spectra of the deuterated isotopologues in the
OD stretch region. (a) BP, (b) PP, and (c) BB. The basis set is
defined by the quantities {M, N, I, K} discussed in the text. Individual
transitions are modeled as Gaussian line shapes with FWHM = 7
cm™". The weak bands of transitions deriving from the OD degrees of
freedom are enlarged for clarity. The experimental spectra, shown in
red, are red-shifted for better comparison to the calculated spectra.

predicted near 1800 cm™! that, like the calculated transitions
for the light isotopologues, fall higher in energy than the
expected OD stretch fundamentals. The computed spectra
again qualitatively account for the weaker, more symmetrically
broadened OD features experimentally measured in this
region. Although the distribution of transitions is much
narrower compared to the light isotopologues, the coupling
of the OD eigenstates to the other normal modes remains
significant within these dyad molecules. These observations are
in stark contrast to those anticipated for deuterated methyl
anthranilate, where a relatively sharp and largely uncoupled
ND stretch transition was predicted in the electronic excited
state. The strong coupling that remains in the deuterated
dyads, therefore, results in a surprising degree of dilution of the
OD oscillator strength over many background doorway states,
leading to the relatively weak OD features in the experimental
spectra.

Short-Time Dynamics. Short-time dynamics were inves-
tigated via numerical solutions of the time-dependent
Schrodinger equation

P, y, Q1) = ) Y, (D)) o

n v 7
using the method of Askar and Cakmak® in which the
coefficients evolve as

c(t + At) = c(t — At) — 2iAtHc(t) (8)

This method complements the Lanczos method as both
require matrix multiplication of the Hamiltonian matrix and a
vector. Time steps of 0.033 fs were employed; 0.0167 fs steps
yielded similar results.

The time-dependent approach allows us to connect with
classical ideas of energy transfer. If a specific state of the {x, y}
degrees of freedom |¥ )lv) were excited, time-dependent
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Figure 8. Evolution of the initially prepared probability P(x, y) (see eq 9) for excitation of state ¥, of BP and no excitation in normal modes. The

full wavefunction is averaged over the Q degrees of freedom.

models can be used to follow the time evolution of this state
and determine where energy flows in the molecule. Following
Heller,"' the Fourier transform of the overlap of a bright state
with itself, (Wpygn (t)l‘I’bﬁg},t (t = 0)), is proportional to the
high-frequency portion of the spectrum.

Following ideas based on density matrices, integration over

the Q degrees of freedom yields

P(x,y) = [dQIP(x, y, @ OF
= Z Z Z C::,vcn,vlyi(x) )’)Tn(x; y)

=Y D d, Wi, ) W(x, y) o

where the diagonal elements P, = d,, are the probabilities of
being in a given state |'¥,) of the {x, y} degree of freedom of
the system. Figure 8 shows the time evolution of P(x, y) for an
initial state I'¥,) of dyad BP (Figure 4d) with no excitation in
the normal modes. There is a significant probability of the H
atom being on the N site within the first 20 fs, which is then
followed by rapid relaxation back to the [¥,) ground state
within 100 fs. This evolution exhibits complex H atom motion,
which must be due to the couplings between the |¥,) states. In
other words, the [V, ) states are expected to be highly mixed in
a time-independent model. Similar behavior is seen for the
time evolution of the |¥;) state (Figure S7).

The time evolution of the normal mode energies from the
initially prepared |¥,) state is shown in Figure S8. Consistent
with the rapid relaxation of the |¥,) state shown in Figure 8,
many normal modes transitions show instantaneous responses
to the excitation of the H atom. The immediate relaxation of
energy from the H atom modes into many of the normal mode
coordinates corroborates the significant coupling predicted by
the time-independent approach.

Bl CONCLUSIONS

The vibrational spectra of PCET dyad molecules in the
nominal OH and OD stretch regions are calculated using a
model Hamiltonian that couples the two-dimensional in-plane
H atom degrees of freedom to the other normal mode
coordinates. The strong intramolecular H-bonding interactions
between the phenol H atom donor and N-heterocyclic base
acceptor result in soft potentials that exhibit low-energy
pathways to H atom transfer. The calculated H atom
vibrational wavefunctions show significant mixing between
the bending and stretching coordinates and large probability
amplitudes across the transfer coordinate. Vibrational
excitation of these modes, therefore, is expected to yield
substantial dislocation of the H atom between the donor and
acceptor sites in the ground electronic state.

The extremely soft H atom potentials cause large forces to
be exerted on the other normal mode coordinates during
dislocation. Consequently, strong coupling is predicted
between the H atom degrees of freedom and over two dozen
normal modes. Many of these normal modes exhibit
fluctuations in the key O—N donor—acceptor coordinate.
The calculated vibrational spectra indicate that the oscillator
strength of the highly red-shifted OH fundamental transition is
diluted over many background states deriving from the normal
mode basis. The strongest transitions are predicted to occur in
the region of the nominal OH bend and stretch overtones. The
calculated spectra qualitatively reproduce the experimentally
measured absorption onset bands and broad asymmetric
shoulders for each dyad. The computational model also
predicts relatively strong coupling in the deuterated isotopo-
logues, and the calculated spectra qualitatively reproduce the
weak and symmetrically broadened experimentally measured
OD features.

Finally, time-dependent calculations indicate initial rapid H
atom dislocation to the N atom site followed by relaxation to
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the ground vibrational state within 100 fs. Instantaneous
responses from the coupled normal modes occur upon
excitation of the H atom eigenstates. The rapid energy flow
out of the initially excited H atom eigenstates corroborates the
strong coupling predicted between not only the H atom and
normal modes but also between the H atom eigenstates. The
time-dependent calculations do not include explicit variations
in the O—N distance. Given the strong coupling between the
H atom and a multitude of low-frequency soft modes that yield
O—-N displacement, and rapid relaxation pathways, we
anticipate that vibrational enhancement effects will play an
important role in PCET dynamics within this class of model
systems.

Critically, the calculations provide new physical insight into
the origins of the uniquely broadened OH and OD vibrational
features recorded in an important class of PCET model
systems. The incredibly soft H atom potentials along the
transfer coordinate result in OH vibrational states with
strongly mixed bend-stretch character that cannot be easily
described. Crucially, typical anharmonic oscillator effects and
computational treatments are not sufficient to explain the
experimental spectra. Our results show the importance of
accurately coupling highly anharmonic reactive H atom/
proton transfer potential energy surfaces with other internal
vibrational degrees of freedom to reveal the vibrational spectral
signatures that manifest from strongly shared, dislocated, and
transferring H atoms/protons in reactive systems. Given that
the Tyr,—His;gp pair and other biologically important H-
bonded systems have similarly short (~2.5 A) donor—acceptor
distances, these results provide an improved connection
between the shape of a proton transfer potential energy
surface and the vibrational spectrum, and lay the foundations
for direct infrared spectroscopic studies of proton transfer
processes.
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