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Benzophenone (BP) despite its relatively simple molecular structure is a paradigmatic sensitizer, featuring both

photocatalytic and photobiological effects due to its rather complex photophysical properties. In this contribution we

report an original theoretical approach to model realistic, ultra-fast spectroscopy data, which requires describing intra-

and intermolecular energy and structural relaxation. In particular we explicitly simulate time-resolved pump-probe spectra

using a combination of state-of-the art hybrid quantum mechanics/ molecular mechanics dynamics to treat relaxation and

vibrational effects. The comparison with experimental transient absorption data demonstrates the efficiency and accuracy

of our approach. Furthermore the explicit inclusion of the solvent, water for simulation and methanol for experiment,

allows us, despite the inherent different behavior of the two, to underline the role played by the H-bonding relaxation in

the first hundreds of femtoseconds after optical excitations. Finally we predict for the first time the two-dimensional

electronic spectrum (2DES) of BP taking into account vibrational effects and hence modelling partially symmetric and

assymetric ultrafast broadening.

Introduction

Benzophenone (BP) is a well-known photosensitizerl_4 and its
photophysical and photochemical properties have been the
subject of extended theoretical®”’ and experimental studies.”
3,89

In particular, benzophenone is recognised for its efficient
intersystem crossing that allows a quasi-unitary population of

13 1n turn this capacity has been
14,15

its triplet manifolds.
exploited as a photo-catalytic initiator in many fields.
Furthermore benzophenone has also been recognised as a

DNA photosensitizerl'w’17 inducing a variety of phenomena

including triplet-triplet energy transfer'® and hydrogen
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. 19,20
abstraction.

Additionally, the widespread non-steroidal
anti-inflammatory drug ketoprofen shares the same chemical
core as BP and hence may open the same photosensitization
pathways.u_23
Despite BP’s simple chemical structure, the mechanism leading
to intersystem crossing has been the object of an important

6,10,11 .
molecular modelling has

scientific debate. Recently,
explored the excited state landscape both from a static® and
non-adiabatic dynamic point of views,”’ clearly underscoring
the crucial role of the extended quasi-degeneracy between S;,
T; and T, state. Furthermore, a dynamic equilibrium between
the two triplet states has also been predicted. Most
interestingly, the aforementioned equilibrium enables not only
T, population, but also a minor though significant population
of the T, state up to the ps time scale,® that can in the
following actively participate in the DNA photosensitization
process via triplet-triplet energy transfer.”®

For all these reasons, BP’s importance goes far beyond
practical applications and should also be regarded as a
fundamental model system to explore complicate
photochemical and photophysical phenomena, as well as
photosensitization of both chemical and biological structures.
In that

molecular modelling and time-resolved spectroscopy should

respect the combined application of high-level

be considered as the strategy of choice to allow the precise

unravelling of the electronic and structural bases of

photophysical phenomena. In particular the possibility to
efficiently and accurately model the excited states potential
(PES) landscape

challenge in computational photophysics.24

energy surface remains a fundamental
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In this context, it is generally considered sufficient to locate
crucial critical points on the PES such as excited state minima,
conical intersections and avoided crossing, or minimum energy
crossing points between states of different spin multiplicity. In
turn, all the previous points may be related to the prediction
of radiative (fluorescence and phosphorescence) or non-
radiative (internal conversion, intersystem crossing,
photochemical reactivity) phenomena. However, in several
cases, the necessity to go beyond a purely static description of
the PES is crucial to achieve a good comprehension of
photophysics,

environments such as biological media.

especially when taking place
25,26

in complex
Indeed, not only
the environment may dramatically alter the PES, but the
coupling between the chromophore and the environment
degrees of freedom (i.e. the dynamics effects) may open
totally new photophysical pathways.n_30 Furthermore, a
especially in its
framework — may provide a one-to-one mapping31 with time

dynamic description - non-adiabatic
resolved spectroscopies in terms of spectral signatures, excited
state life-times and in some cases quantum efficiency.25

It is also noteworthy that the solvent dynamics - or more
generally environment reorganisation - in the excited state
will, in many cases be of crucial importance in guiding the
photophysics.**
particular in homogeneous solvents, the former reorganisation

Most importantly, in many instances, and in

takes place in the ultrafast regime and is achieved in the first
hundreds of femtosecond after the excitation. Hence, the
precise spectroscopy
signatures is frequently cumbersome, and the synergy with
generally When the
complexity of the molecular system of interest increases, e.g.

interpretation of time-resolved

molecular modelling is required.
involving the coupling between different chromophores in a
dynamic fashion, time-resolved two-dimensional electronic
spectroscopy (2DES) has appeared to be the experimental
approach of choice.***° However, once again the extremely
rich density of information contained in 2DES spectra makes
their
assistance of molecular modelling almost compulsory.

interpretation particularly difficult and hence the
40-43

In this theoretical contribution, we explore the early-time
(<300fs) excited-state dynamics of solvated BP by employing
an original hybrid quantum mechanics/ molecular mechanics
(QM/MM)
functional theory (TD-DFT), in order to predict the ultrafast

approach based on time-dependent density
time-resolved spectroscopic signatures of BP in water. We
exploit the results of the simulations to predict in particular
UV-Vis transient absorption (TA) spectra as well as 2DES data.
We assess the accuracy of this approach by (i) bench marking
with high-level, computationally very expensive, modelling44
and (ii) by comparing with experimental TA data obtained for
BP in methanol, which has a similar polarity but weaker H-
bonding character as compared to water, and where BP is
much more soluble. While the predicted dominant spectral
features match with the experimentally observed ones, our
theoretical results anticipate an ultrafast spectral relaxation of
the surrounding water molecules and may be interpreted in
terms of relaxation of the solvent H-bonding interactions with
BP in the excited state.

2| J. Name., 2012, 00, 1-3

Material and Methods

Spectroscopic Measurements

Benzophenone (BP), and solvents from Sigma-Aldrich were

used without further purification. The molar extinction
coefficients were determined using a UV/Vis Perkin Elmer
Lambda 950 spectrophotometer, adopting a 10-mm quartz cell
and after solubilizing a precise amount of benzophenone in the
various solvents. The ultrafast pump-probe setup (PP) was
45-47 .
In short, a commercial
(OPA, “TOPAS” by Light

pumped by a Ti:Sa amplified laser system

previously described elsewhere.
optical
Conversion),

parametric amplifier
(Amplitude Technology, generating 40-fs, 800nm pulses at
5kHz) is used to produce a pump pulse at 333nm by 4"
harmonic generation of the OPA signal beam, in order to excite
BP its first electronic excited states. A white light pulse,
obtained by supercontinum generation in CaF2, is used as a
probe covering the 330-650nm spectral
experimental time resolution is ~ 60 fs, limited by the pump
pulse spectral
polarisations were set at the magic angle (54.7°) to measure

window. The
width. The pump and the probe beam

population kinetics under isotropic conditions. The differential
absorption spectra (AA) spectra were corrected from the chirp
of the probe beam, characterised by the time-dependence of
the non-linear signal of the pure solvent. As a result, the zero
time-delay is defined with an error bar of 20 fs throughout the
covered spectral window.

Molecular Modelling and Simulation.

The ground state classical molecular dynamics (MD) of
benzophenone (BP) in water was performed for a simulation
time of 100 ns, using the Amber 16 suite of programs.48 Water
molecules were described by the TIP3P model,* while the
Field (GAFF)SO and parm99

parameter sets were used to describe BP, including atomic

Generalized Amber Force
charges assigned by the Restrained Electro-Static Potential
(RESP) protocol,51 as it was proven to be a suitable choice in
previous work.”® The overall system being neutral, no
counterions were necessary. Details on parameters and pre-
equilibration steps are given as Supplementary information.

Subsequently, a hybrid Quantum Mechanics/ Molecular
Mechanics (QM/MM) MD was run on the ground state for 100
ps (time step: 0.5 fs), including BP in the QM region and
describing it by Density Functional Theory (DFT). Especially, the
CAM-B3LYP*? functional and the 6-31G(d,p) basis set were
the Gaussian09>>/Cobramm®* This
additional step was required in order to obtain more reliable

used for interface.
BP snapshots together with accurate initial velocities to start
QM/MM MDs on the lowest-excited singlet state (S,). Indeed,
82 initial conditions were randomly selected from the ground
state QM/MM MD to calculate the linear absorption spectrum.
Moreover, on top of the selected snapshots, non-linear
properties were calculated. More in detail, S;—>S, Stimulated
Emission (SE) and S;—>S, Excited State Absorptions (ESAs) —

including a total of 30 singlet states — were simulated, by

This journal is © The Royal Society of Chemistry 20xx



calculating all transition energies and transition dipole
moments.

The same initial conditions were considered to run 82 QM/MM
trajectories starting from the S; state, treating the QM region
at Time Dependent-Density Functional Theory (TD-DFT) by the
CAM-B3LYP*? functional. The total simulation time was 300 fs
(time step: 0.5 fs),

electronic states (i.e. under adiabatic conditions). Trajectories

not allowing surface-hops to other

were stopped at 300 fs since we know that at this time already
a considerable triplet population should be generated.5 All
snapshots at 100, 200 and 300 fs were extracted and their
non-linear properties calculated as above explained for the O fs
case. Compiling all the information, the pump-probe spectra
(2DES)

and the 2-dimensional electronic spectra

42

were
simulated (Figures 3 and 6)
2DES spectra were simulated employing the sum-over-states
(SOS) approach combined to a QM/MM scheme
(s0S//QM/MM),** and employing the snapshot approximation
(for time delay >0).41 Energy levels and transition dipole
moments were extracted and used to compute the non-linear
responses as implemented in the Spectron 2.7 program.55
Spectral lineshapes for each of the separate snapshots assume
a pure dephasing in the Markovian approximation, being set to
1500 cm™.

been recently developed to consider spectral diffusion and
6—6

More accurate computational approaches have
non-adiabatic effects on the simulated spectra,5 ! yet these
rely on more demanding schemes that are not currently
feasible for the system under study. The inhomogeneous
broadening of the signals is partially taken into account
the averaging different
conformations and water arrangements around the BP

through over geometrical
moiety.62 Quasi-absorptive signals have been simulated with
the collinear pump pulse pair condition (accounting for both
rephasing and non-rephasing contributions simultaneously).
All 2D spectra pulse

polarisation configuration and are plotted on a linear scale.

reported employ the all-parallel

White light (infinite broadband) pulses are assumed, allowing
us to observe the overall most intense signals throughout the
2D maps explored. Both ground state bleaching (GSB) and SE
contributions appear as negative (blue) peaks, whereas ESAs
appear as positive (red) peaks in the 2D spectra.

All single point calculations for linear and non-linear properties
6364 /MM and CAM-B3LYP/MM levels

of theory, using the TeraChem®®®/Amber interface. In order

were carried out at B3LYP

to assure a proper description of the solvent relaxation effects
and to avoid wavefunction overpolarisation we systematically
included in the QM partition BP as well as all the water
molecules having a distance of less than 3 A from the carbonyl
oxygen. B3LYP functional provides excitation energy values in
good with the
restricted active space second-order perturbation theory

general agreement multiconfigurational
(RASPT2) methods with maximum energy differences of about
0.2 eV for all the states with the exception of S, that is red-
shifted by about 0.4 eV. This behavior is reversed in the case of
CAM-B3LYP that while it provides a good agreement for the S,
state (0.06 eV) strongly deteriorates the description of the

other states. Hence in order to have a balanced description of

This journal is © The Royal Society of Chemistry 20xx

the electronic states, when using B3LYP functional the energy
of the S, state obtained at TD-DFT level has been consistently
shifted by 0.4 eV in order to correct the error of the hybrid
functional in the description of this state and obtain results
coherent with the multireference perturbation theory. It is
that the
multiconfigurational level shows a good agreement with the

also noteworthy calibration performed at
results obtained by Sergentu et al.’. However, and coherently
with what previously observed® the increasing of static
correlation via the RASPT2 formalisms induces a red shift of
about 0.3 eV for S; and S, state.** For comparison purposes,
the multiconfigurational Second-Order Perturbation Theory
Restricted Active Space (RASPTZ)67 method was applied to
compute linear and 2DES spectra at 0, 100, 200 and 300 fs for
one representative trajectory. Due to the high computational
time required for RASPT2 calculations, a comparison between
TD-DFT and RASPT2

computationally feasible. Details on the RASPT2 calculations

including several trajectories is not
are given in the Supplementary information.

At TD-DFT level, in all cases the nature of the excited states has
been characterised using the Natural Transition Orbital (NTO)

68-71

formalism. NTOs were obtained using NancyEX, a locally

developed code.®*7*
In addition and to account for the influence of double
excitations excited states were also modelled using the
DFT/MRCI approach.72 In this case, for the DFT part, the BH-

73,74 . . .
was used in combination

LYP functional in Turbomole 7.1
with the TZVP basis set.”” Multireference computations were
carried out using the newly developed DFT/MRCI Hamiltonian

by Lyskov et al.”®

Results and Discussion

As a preliminary step, the steady-state spectra of solvated BP
obtained experimentally and theoretically are presented in
Figure 1. They feature a relatively strong absorption in the UV
region (~ 290 nm) with tails extended in the UVA region (up to
370 nm). As expected and as confirmed by a number of
theoretical calculations,>® the UV maximum corresponds to
the transition to the bright quasi-degenerate S,/S; states, while
the tail is due to the transition to S;. On the other hand, the
even stronger absorption in the farther UV region (250 nm) is
mainly due to the transition to the higher S, state. The Natural
Transition Orbitals (NTOs) for the two lowest states are
reported in Figure 1c and one can easily recognize a m—mt*
transition for S, and an n-* character, partially mixed with
qt—mt*, for S;. Although st—mt* transitions are much brighter than
the n-* one, their absorption maxima fall into too short
wavelengths to be of practical importance on
processes, the study of the

photophysics taking place from S; is by far more significant.

photosensitization hence
The reproduction of the experimental spectrum by TD-DFT
methods is accurate, especially when one takes into accounts
the vibrational and dynamic effects by sampling the ground
state conformational space via classic molecular dynamics,
followed by QM/MM calculations of a set of snapshots, to

J. Name., 2013, 00, 1-3 | 3



account for environmental effects. It is also noteworthy that
other approaches such as DFT/multi-reference configuration
interactions (DFT/MRCI) also yields a very good agreement
with the experimental steady state spectrum as reported in
ESI.

30000 T T T T T T T T

—— simulated, Water
experimental, Methanol

—— Water
—— Wethanol b)
— Cyclohexand) 1

— Hexane

20000

10000

150 175 200 225 250 275 300

A (nm)

c)

S1

o
o

Occupied Virtual

” =
—
¢

Figure 1. Experimental (a) and simulated (TD-DFT B3LYP) (b) steady state
spectrum of benzophenone in various solvents. NTOs for the two lowest energy
transitions are also presented (c).

As reported elsewhere® it is also remarkable that TD-DFT,
especially using the B3LYP functional, provides a good and
balanced description of the various excited states as compared
to wave function based RASPT2 results.**

Experimental UV-Vis transient absorption (TA) spectra are
reported in Figure 2 and Sl. As expected and due to the almost
dark Si-Sg transition the spectrum is dominated by excited
state absorption (ESA) giving positive signals. When exciting to
S, state (333 nm) in methanol, a broad band spanning from
520 to 590 nm dominates the early-time UV-Vis TA spectra.
The data at 100 fs show two peaks at 520 and 580 nm, which
sharpen around the 580nm band for longer delays (see the
300fs spectrum). As previously reported in different solvents®
177 subsequent time evolution also occurs in methanol (see Sl
Fig S1) on the 10ps time scale and reveals the decay of this
initial band and formation of a more intense, broader band,
peaking at 520 nm, attributed to a triplet state formation. The
later assignment is supported by previous non-adiabatic gas-
phase simulations predicting a population of T1 and T2 with
characteristic time constants t of 1.0 and 4.5 ps, respectively.5
The experimental results obtained in hexane (see Sl Fig S1)
yields almost indistinguishable features as compared to
methanol, indicating no effect of solvent polarity.

The simulated pump-probe spectra obtained by explicitly
propagating BP in water solution on the S; potential energy
surface through QM/MM for a statistical ensemble of starting
conformations are presented in Figure 2. DFT/MRCI results
have also been obtained for the time resolved simulated
spectra and are in qualitative agreement with the TD-DFT
results. The early TA spectral signature, i.e. prior to the

intersystem crossing and triplet population, is very well

4| J. Name., 2012, 00, 1-3

reproduced, with the expected ESA band at around 15000-
20000 cm™ (560 nm).

Figure 2. Simulated (TD-DFT B3LYP) pump-probe spectra of BP in water
solution in cm™ scale at three different (100, 200, and 300 fs) delay times. The
environment is taken explicitly into accounts via QM/MM calculations performed
on top of the snapshots extracted from the molecular dynamic trajectories.
Experimental pump-probe spectra for BP in methanol are reported for a direct
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comparison. The relative intensities have been normalised to facilitate the
comparison.

This bright band can be assigned to transitions taking place
from S; to relatively high-energy states. As also shown in a
previous contribution® the transitions involves the t* system
of the aromatic ring and the excited n level of the carbonyl
oxygen. However, while the experimental spectrum in
methanol presents a slight red shift most likely attributable to
intramolecular vibrational relaxation, the simulated results in
water show a significant blue-shift of about 4000 cm™ (0.5 eV)
from 100 to 300 fs. In addition we also predict another ESA
band at longer wavelengths (880-1500 nm), i.e. outside the
present experimental probing window, which is also blue-
shifting by about 4000 cm™ in the first 300 fs. The analysis of
the NTOs involved allows characterizing this low-energy band
as mainly due to S;= S; and S;2>S, transitions. The predicted,
important blue shift of the ESA over the first 300fs, both in the
visible and in the infrared region, is indicative of a rather
important stabilisation of the S; state upon reorganisation of
the environment. Indeed, when analysing the ab-initio
QM/MM MD performed on the S, potential energy surface we
notice a rather important reorganisation of the solvent H-
bonding network around the carbonyl functional group (Figure

3).Consistently with the increased basicity of BP in the n-t* S,

This journal is © The Royal Society of Chemistry 20xx



state, we observe a strong reinforcement of the hydrogen
bonding with water molecules. In particular, in some of the
trajectories we observe the accumulation of 4 or 5 water
molecules at a distance from the carbonyl oxygen that is
compatible with the formation of hydrogen bonds or a strong
electrostatic interaction (3 A). Most interestingly, according to
our simulations this reorganisation takes place extremely
rapidly as observed in Figure 3c.

The important effect of the water field reorganisation in
promoting S, stabilisation and hence the ESA blue-shifting can
also explain the difference in the experimental results. Indeed
due to solubility issues, pump-probe spectra were performed
in methanol, i.e. a less protic solvent than water, where no
such blue-shift is observed. We note that already the steady
state spectra of BP in methanol and water are different (see
Figure 1la inset), already pointing to a significant difference
between water and methanol regarding the solvent influence
on BP. In particular due to the less pronounced protic nature,
and hydrogen bond strength of methanol we expect a slightly
weaker effect of the relaxation, which is coherent with the
negligible spectral shift observed experimentally.

b) t =100 fs

Figure 3. Snapshots from a representative QM/MM MD trajectory showing the
solvent network reorganisation in the excited state. Water molecules in light
green were already interacting in the ground state and stay persistently in the
vicinity of the carbonyl oxygen in the excited state. The water molecule in
element type colours forms a new hydrogen bond in the excited state, while the
mauve coloured one forms less stable interactions

Interestingly enough, we note a different behaviour of the
different water molecules. In particular, we evidence the
formation of a very strong hydrogen bond with one water
molecule in between 100 and 200 fs. As indicated in Figure 4
the formation of this hydrogen bonding is strongly coupled
with the vibrational cooling of the excited carbonyl C=0
distance. Indeed from 0 up to 150 fs we observe large
amplitudes of the CO vibrations while the water molecule is

This journal is © The Royal Society of Chemistry 20xx

rapidly approaching BP. Subsequently one observes a large
plateau in which water persistently resides close to BP and the
carbonyl vibrations are strongly reduced. The correlation of
the solvent relaxation with the vibrational cooling is also in line
with the computed blue-shift of the ESA band due to the
stabilization of the S; state.

3.6

HOH-——0C ——

=0 ——

HOH---0C (A)

22 L L . L L 1.22
0 50 100 150 200 250 300

Figure 4. Time series of the distance between O(BP) atom and the water molecule
hydrogen forming the new H-bond in the excited state. The carbonyl C=0 bond length
is also reported showing the correlation with the vibrational relaxation of the
excitation. The considered water molecule is the one reproduced in element type
colours in Figure 3.

Beyond (1D) transient absorption spectroscopy, we also
simulated (using the same statistical ensemble of trajectories)
the time-resolved 2D electronic spectrum (2DES) at TD-DFT
level (Figure 5). More specifically we report 2D spectra in the
spectral region associated to UV pumping (i.e. in the S; state)
and Vis probing, i.e. the region where the most intense S;-ESA
signals are expected. The 2D-UV/Vis spectrum at time-zero
shows the presence of an intense ESA band at Q,= 31000 cm™
and Qs= 17000 cm™, rather symmetric (along Q3) with two less
bright satellite signals at Q3= 13000 ecm™ and Q3= 23000 cm™.
At longer times the main band experiences an important
broadening along €23, already evident at 100 fs. At the same
time, the 2D-UV/Vis spectrum at 100 fs shows the appearance
of line broadening along Q; towards the red, consistently with
the S; state stabilization. Notably, this is a spectral feature that
cannot be appreciated in the 1D pump-probe spectra. At
longer times, both Q; and Q3 broadenings increase as the
vibrational cooling and solvent relaxation occur. It is necessary
to mention that these are lower bound estimates of line
broadenings, as a single configuration of solvent surrounding
molecules is considered for each snapshot analysed and other
approximations are in place (see Material and Methods). As
observed in simulated pump-probe spectra, an overall blue
shift of all the ESA signals is also present in the 2D spectra. In
order to evaluate the accuracy of the reported TD-DFT
bidimensional spectra, we have computed the nonlinear
spectra at the RASPT2 level.”® Given the extremely high
computational cost of such approach, the spectra simulations
have been limited to a single trajectory (i.e. one snapshot for
each time delay), as reported in the Sl (Figure S3), showing an

J. Name., 2013, 00, 1-3 | 5



Q, (x10° cm™)

acceptable agreement between B3LYP and RASPT2 spectra,
despite the fact that relative signal intensities and transition
energies might be significantly affected by double-excitations
contributions accounted for only with the multiconfigurational
treatment.

T,=0f

T T

T,= 100 f5 T,= 200 f5

i

T,=300 f5

TS

T T

24

23

22

21

20

MRS 7S S L S
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Q, (x 103 em™)
Figure 5. Simulated TD-DFT (B3L¢P) 2DES spectrum of BP in water solution at

0, 100, 200 and 300 fs. Qi and Q; refer to pump and probe frequencies,
respectively.

281 30 32 34

Conclusions
We have reported a systematic study of the ultrafast
spectroscopic response of the paradigmatic sensitizer

benzophenone. In particular we have developed a theoretical
approach allowing us to model the spectroscopic signatures of
BP in solution, at a level that enables direct comparison with
experimental time-resolved spectroscopy data.

Our simulations highlight important time-dependent evolution
of the which is specifically
attributed to the evolution of the solvent H-bonding network

low-energy (IR) ESA bands,

around the BP carbonyl moiety. Most specifically the coupling
between the vibrational relaxation of the elongated CO bond
and the ultrafast formation of a new persistent hydrogen bond
with solvent water molecules has been predicted. In addition,
the first 2DES spectrum of BP in water taking into account the
vibrational and dynamical broadening and time evolution has
been simulated at TD-DFT level. The global features of the
latter seem to confirm the important role of the water solvent
dynamics. Even though, the experimental results have been
available only in methanol, due to solubility issue, the role of
the solvent relaxation is confirmed, even if its magnitude is
less important. Our work allows shedding a new light on the
complex photophysics of benzophenone in water environment
and on the important role played by H-bonding network
relaxation. At the same time it constitutes a very important
proof of concept of the powerful possibilities offered by the
combining use of multiscale modelling and simulation and
time-resolved spectroscopy.
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