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Photochemistry of Benzophenone in Solution: A Tale of Two Different 

Solvent Environments Ravi Kumar Venkatraman†* and Andrew J. Orr-Ewing* School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, United Kingdom 

 

Abstract. A long-standing ambition of photochemists is to excite species selectively in a complex liquid solution, and in turn 

instigate a controlled chemical reaction. Benzophenone (Bzp) has been studied over six decades as a model system for un-

derstanding the photophysics and photochemistry of organic chromophores. Herein, we exploit the red-edge excitation effect 

to demonstrate that by sub-ensemble selective excitation of Bzp molecules, either coordinated or non-coordinated to phenol 

through hydrogen bonding in a dichloromethane solution, the rate of an H-atom abstraction reaction can be accelerated by a 

factor of ~40. To this end, we have employed femtosecond time-resolved electronic and vibrational absorption spectroscopy 

in conjunction with DFT/TD-DFT calculations. The outcomes have implications for deductions drawn from single-excitation-

wavelength studies of the photochemistry of similar molecular systems, and especially of charge-transfer chromophores.

Introduction   

Solvent plays a pivotal role in a myriad of chemical and 

biological processes.1-15 When a solute is dissolved in a sol-

vent, the resulting solution appears homogeneous at the 

macroscopic scale, but the solution can remain heterogene-

ous at the microscopic (sub-ensemble or molecular) scale. 

This heterogeneity is reflected in solution phase spectros-

copy as inhomogeneously broadened spectral peaks. The 

shifts in spectroscopic transition frequencies manifesting as 

inhomogeneous line broadening are a consequence of dif-

ferent, and rapidly fluctuating, solvation structures around 

a solute in a solution.16 For example, in protic solvents a so-

lute can have distinct solvation states corresponding to hy-

drogen and non-hydrogen bonded environments.17 In liquid 

solutions at ambient temperature, exchange between these 

different solvent environments can occur on sub-picosec-

ond (sub-ps) to a few picoseconds (ps) timescales, and can 

be tracked in real time using two-dimensional infrared 

(2DIR) spectroscopy with sub-ps time resolution.18-31 Nu-

merous experimental and theoretical investigations have 

sought to understand the solvation structures around so-lutes, and their influence on the solute’s various physical, 
chemical and biological properties.17, 32-43 However, if a sub-

ensemble in a solution can be selectively induced to un-

dergo a chemical reaction, the outcome might differ from 

the ensemble-average outcome expected for a bulk solu-

tion. Irradiation with light of carefully chosen wavelength 

can selectively instigate environment specific chemical re-

actions, even in a complex heterogeneous medium such as 

a liquid solution. 

We recently demonstrated the sub-ensemble selective 

photophysics of benzophenone (Bzp) in methanol solution 

by exploiting the red-edge excitation effect (REEE).44,45 Ab-

sorption of UV either in the long-wavelength region or near 

the maximum of a π* ← n absorption band of Bzp in metha-
nol solution selectively excites Bzp molecules with their 

carbonyl group  non-coordinated or predominantly coordi-

nated to a methanol solvent molecule by hydrogen bonding, 

respectively. Furthermore, we observed that the intersys-

tem crossing (ISC) rates of Bzp for these two distinct non-

hydrogen bonded and hydrogen bonded (HB) sub-ensem-

bles were altered by approximately an order of magnitude.  

The selective photoexcitation of a sub-group of species in 

a heterogeneous ensemble remains both of fundamental in-

terest and technological importance.46-51 Herein, we show 

how selective photoexcitation of molecules in a specific 

solvation environment can accelerate a bimolecular photo-

chemical reaction by a factor of ~ 40. Our investigations 

used femtosecond (fs) time-resolved electronic and vibra-

tional absorption spectroscopy measurements (TEAS and 

TVAS) of supramolecular complexes of Bzp and phenol dis-

solved in dichloromethane (DCM), with interpretation of 

the experimental measurements supported by DFT/TD-

DFT computations. 

Bzp is a model system for the study of the photochemistry 

of aromatic ketones. It has been subjected to numerous ex-

perimental and theoretical investigations because of the im-

portance of Bzp derivatives in technological and biological 

applications, including photocatalysis, design of com-

pounds for sunscreen formulation, and DNA photosensiti-

zation.52-56 Bzp is known to have a high ISC quantum yield 

following UV excitation, but until recently the mechanism of 

population of the lowest triplet excited state (T1) after pho-

toexciting to its S1 (nπ*) state remained uncertain.57 Our re-

cent work, and computational studies by Gonzalez and co-

workers, provide a consistent picture of the ISC mecha-

nism.44,58 These investigations indicate that the dominant 

pathway involves fast ISC from S1 to T2 (ππ*) as an interme-
diate state, with the subsequent rate of population of the 

lowest vibrational levels of T1 controlled by the timescale 

for dissipation of excess vibrational energy to the solvent 

bath after internal conversion (IC) from T2. It is well-
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established that after photoexcitation, the long-lived tri-

plet-state Bzp can undergo bimolecular H-atom abstraction 

reactions with H-atom donor co-reactants.59-67 

To study the influence of solvation-environment selective 

excitation on H-atom abstraction reaction rates of photoex-

cited Bzp, we chose phenol as a co-reactant. There are two 

main reasons for this choice: (i) phenol is a good H-atom do-

nor;59-67 and (ii) it can form a supramolecular complex with 

Bzp by hydrogen bonding. In an equilibrium and fluctuating mixture, the Bzp carbonyl π* ← n transition of either H-

bonded Bzp-phenol supramolecular complexes or non-H-

bonded Bzp molecules can be selectively excited. We can 

therefore study the influence of transient H-bonding inter-

actions on the excited state H-atom abstraction reaction 

rate. The participation of an intermediate T2 state in the 

mechanism of population of the T1 state adds an additional 

possible pathway for H-atom abstraction in the photoex-

cited Bzp-phenol supramolecular complex. Therefore, a fur-

ther objective of this study is to understand the mechanistic 

pathways for H-atom abstraction reactions of photoexcited 

Bzp coordinated to phenol. Furthermore, this study informs 

our understanding of the broader dependence of excited 

state dynamics on the excitation wavelength in similar mo-

lecular systems. It shows that care must be taken in drawing 

conclusions about photophysical, photochemical or photo-

biological properties of organic chromophores in solution, 

or in biological media on the basis of experiments con-

ducted at a single excitation wavelength.

Figure 1. IR and UV absorption spectra of benzophenone / phenol solutions in dichloromethane.  a) Steady-state FTIR spectra ob-

tained in the carbonyl stretch wavenumber region. The insets depict the ratios of phenol to Bzp in the mixed solutions. With increas-

ing amounts of phenol, a new peak appears to the low-wavenumber side of the band observed for Bzp in DCM in the absence of 

phenol, and the arrows indicate the directions of change of the corresponding peak intensities. b) Steady state UV-vis absorption spectra of the π* ← n transition of Bzp with increasing ratios of phenol in DCM solution. The inset again depicts the ratio of phenol 
to Bzp.

Results and Discussion 

UV-vis and FTIR spectra of Bzp-phenol Supramolecu-

lar Complexes. To evaluate the scope for solvation-envi-

ronment selective excitation of Bzp-phenol supramolecular 

complexes in dichloromethane solution, steady state UV-vis 

and FTIR spectroscopic measurements were made for DCM 

solutions containing different ratios of Bzp and phenol. Phe-

nol-d6 (written hereafter as phenol for brevity) was used in 

all the steady-state and time-resolved experiments to en-

sure an IR-transparent window in the 1400 to 1600 cm-1 re-

gion for TVAS experiments. The resulting FTIR spectra in 

the carbonyl stretching frequency region of Bzp are shown 

in Figure 1a. With increasing amounts of phenol, a new peak 

appears to lower wavenumber than the Bzp carbonyl 

stretching peak observed without added phenol. This sys-

tematic change in the spectrum indicates that the Bzp mol-

ecules exist as sub-populations which are either hydrogen-

bonded or non-hydrogen bonded to phenol in DCM, but the 

absence of an isosbestic point suggests more than two com-

ponents. A multivariate curve resolution analysis of the 

Bzp-phenol FTIR spectra (see Figure S1 of Supporting Infor-

mation) resulted in three peaks identified as Bzp carbonyl 

groups which are: i) free (uncoordinated); ii) hydrogen 

bonded to one phenol; and iii) hydrogen-bonded to a phenol 

which is itself an acceptor of an H-bond from a further phe-

nol molecule, as indicated by molecular dynamics (MD) sim-

ulations (see Figures S2, S3 and S4). These three peaks are 

more clearly resolved in two-dimensional infrared (2DIR) 

spectra, as shown in Figure 2 (see Figure S5 for 2DIR spec-

tra of Bzp-phenol in a different ratio), which also reveal the 

few picosecond timescales for exchange dynamics (see Fig-

ure S6 and Table S1).  The 2DIR and MD simulation methods 

and results are discussed further in the Supporting Infor-

mation. In contrast, the π* ← n absorption band of Bzp ob-

served in the UV-vis spectrum undergoes a shift to shorter 

wavelength with increasing amounts of phenol, as shown in Figure 1b. In general, π* ← n absorption bands undergo 
hypsochromic shifts with increasing solvent polarity, and 

the extent of the blue shift of the absorption band with in-

creasing phenol concentration is a direct measure of the ra-

tio of sub-populations of H-bonded and non-H-bonded Bzp 

carbonyl groups. Hence, red-edge excitation in the long-wavelength tail of the π* ← n absorption band of Bzp-phenol 

in DCM solution selectively excites free (non-H-bonded) 

Bzp carbonyl groups, whereas excitation near the peak wavelength of the band (λmax) predominantly photoexcites 

Bzp carbonyls which are H-bonded to phenol.



3 

 

 

Figure 2. 2DIR spectra of 1:3 Bzp-phenol solutions in DCM recorded at waiting times of (a) 100 fs and (b) 1000 fs. The three peaks 

along the diagonal, designated as peaks 1, 2, 3, are in good agreement with decomposition of the FTIR spectrum (see Figure S1). The 

right-hand color bar indicates spectral intensities.  At different waiting times, cross-peaks between the main diagonal peaks increas-

ingly contribute where indicated by the dashed black circles.  These cross-peaks are assigned to exchange dynamics between H-

bonded and non-H-bonded structures. The kinetics of the cross-peaks are shown in Figure S6 and their time constants are tabulated 

in Table S1.  See Supporting Information for a detailed discussion.

Femtosecond Time-resolved Electronic and Vibra-

tional Absorption Spectroscopy. The steady-state UV-vis 

and FTIR absorption spectra reported in Fig. 1 demon-

strated the co-existence and scope for selective photoexci-

tation of Bzp either H-bonded or non-H-bonded to phenol 

in DCM. To understand the influence of the H-bonding inter-

actions on the photochemistry of Bzp with phenol, we per-

formed ultrafast TEAS and TVAS. To assign the vibrational 

bands of different species observed in TVAS, we carried out 

time-dependent density functional theoretical (TD-DFT) 

calculations. We chose a 1:6 ratio of Bzp to phenol for time-

resolved experiments owing to the pronounced selectivity 

between micro-structures in solution that can be achieved 

at the excitation wavelengths of 380 nm, 340 nm and 320 

nm used in this work (see Figure S7a of Supporting Infor-

mation). The steady-state UV-vis absorption spectra of 1:6 

Bzp-phenol and phenol solutions in DCM are compared in 

Figure S7b of Supporting Information, and show that the 

chosen wavelengths exclusively photoexcite the Bzp chro-

mophore. 

Figure 3. Time-resolved vibrational absorption spectra of Bzp-

phenol (1:6 ratio) in DCM solution obtained following 320 nm 

UV excitation. The right-hand key indicates the colour codes for 

spectra obtained at different time delays (all in ps). The insets 

show the molecular structures of species proposed to form af-

ter photoexcitation. 

TEA spectra of Bzp-Phenol H-bonded supramolecular 

complexes in DCM obtained with 340 nm excitation are 

shown in Figure S8. The early time spectra are character-

ized by Bzp S1 state absorption features, with subsequent 

population of the T1 state through the intermediate T2 state. 

At longer timescales, absorption bands corresponding to 

the Bzp ketyl radical appear because of H-atom abstraction 

from the hydroxyl group of phenol by triplet-state Bzp. 

Since the excited-state electronic absorption bands are 

broad, and overlap those of different states or species, it is 

difficult to discern their kinetics unequivocally. Therefore, 

we used TVAS to follow more clearly the kinetics of the dif-

ferent species formed by UV photoexcitation. To identify the different species formed after π* ← n exci-
tation of Bzp in the presence of phenol in DCM solution, the 

TVA spectra shown in Figure 3 were recorded with 320 nm 

excitation. Unlike the TEA spectra, TVA spectra reveal dis-

tinct peaks for the Bzp excited states and photoproducts of 

the H-atom transfer reaction. The prominent peak at 1467 

cm-1 evident at early times is assigned to the S1/T2 state of 

Bzp, as previously reported.44 A broad feature at 1515 cm-1 

grows with a rate matching the decay of the 1467 cm-1 peak, 

and is assigned to the T1 state of Bzp. The 1515 cm-1 band is 

observed as a long-lived and prominent feature in Bzp/DCM 

solutions as shown in Figure S9, but in the presence of phe-

nol, the growth in its intensity is inhibited. At longer times, 

the pronounced peaks centered at 1478 and 1486 cm-1 are 

assigned to Bzp ketyl and phenoxy radical species, respec-

tively. Both bands are absent in Bzp/DCM solutions with no 

phenol added (see Figure S9). These radical products form 

through H-atom abstraction from phenol by triplet Bzp. The 

ground state bleach (GSB) features attributed to Bzp at 

1449 and 1572 cm-1 change their depths and center 
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Table 1. Vibrational Assignments of Peaks observed in TVA Spectra of Bzp-Phen in DCM solution 

electronic states 
vibrational frequency /cm-1 

vibrational assignments 
exp. comp. b 

S1/T2 a 
1467 1448 Ring C-H rocking mode 

1555 1566 Ring v(C-C) 

T1 1515 1510/1512 Ring v(C-C) + δ(CCH) 

Bzp-ketyl radical 
1478 1479 Ring C-H rocking mode 

1576 1593 Ring v(C-C) 

Phenoxy radical 
1486 1500 Ring v(C-C) + δ(CCD) 

1450 1426 v(C-O) 

aComputation performed for the S1 state only.  The assignment to overlapping S1 and T2 bands is discussed in [Ref 44]. 

bScaled frequencies. See Methods section for a detailed discussion.

positions at longer times, unlike Bzp / DCM solutions with-

out added phenol, suggesting overlapping photoproduct ab-

sorptions. 

Difference TVA Spectrum and Vibrational Assign-

ments. To assign the peaks observed by TVAS, we simu-

lated the IR spectra of candidate species formed upon pho-

toexcitation (see Methods for a detailed discussion of the 

computational methods used). The simulation outcomes 

are shown in Figure 4a. An experimental difference spec-

trum obtained by subtracting the spectrum recorded at 50 

ps from that at 1000 ps is shown in Figure 4b, and is com-

pared with a simulated difference spectrum plotted in Fig-

ure 4c and obtained using the component spectra of Fig. 4a. 

On this basis, the prominent peaks at 1478 and 1486 cm-1 

are assigned to the ring C-H rocking mode of the Bzp ketyl 

radical and the ring C-C and C-H bending of the phenoxy 

radical, respectively. The photoproduct absorption bands 

which overlap the Bzp GSB features are also revealed by the 

analysis presented in Figure 4. Table 1 provides a complete 

vibrational assignment of the features observed by TVAS, 

and the atomic displacements of the corresponding normal 

modes are shown in Figure S10. Further support for our as-

signments comes from the close agreement of the phenoxy 

radical peak positions with a previous report of IR bands of 

photochemically generated phenoxy radicals isolated in an 

argon matrix.68

Figure 4.  Assignment of bands observed in the TVA spectra of Bzp-Phenol mixtures in DCM solution. (a) Simulated IR spectra of the 

species proposed to contribute to the TVA spectra in Figure 2.  See the Methods section for a summary of the computational methods. 

(b) The difference TVA spectrum (green solid line) obtained by subtracting the experimental TVA spectrum recorded at 50 ps (blue 

solid line) from that at 1000 ps (red solid line). (c) The corresponding computed difference spectrum constructed assuming conver-

sion of Bzp(T1) spectral features (present at 50 ps) into those of Bzp and ketyl radicals (at 1000 ps).

A Tale of Two Different Solvent Environments. To re-

visit the main objective of this study, the TVA spectra ob-

tained at two different UV excitation wavelengths for 1:6 

Bzp-phenol solutions in DCM are compared in Figure 5. Pump excitation wavelengths of 340 nm (near λmax) and 380 

nm (in the long-wavelength tail) were chosen to excite se-

lectively hydrogen-bonded and free carbonyl chromo-

phores of Bzp, respectively. Inspecting the growth of the 

1467 cm-1 peak (previously assigned to overlapping S1 and 

T2 state bands of Bzp44) at early times reveals subtle differ-

ences for the two excitation wavelengths. The integrated 

peak intensities were fitted to biexponential functions 

(Figure 5c and d). At an excitation wavelength of 340 nm, 

the fits to the integrated intensity of the 1467 cm-1 peak re-

turned an early rise component with time constant 1.4 ± 0.8 

ps and a later decay with time constant of 8.8 ± 0.9 ps. In 

contrast, for 380-nm excitation, the initial rise time con-

stant is within the instrument response function (< 0.2 ps), 

and a later decay with time constant of 10.2 ± 0.3 ps was 

observed. 

These observations are in accord with our recent report 

on the photoselective excitation of Bzp in methanol solu-

tion.44 A control experiment for Bzp dissolved in DCM with-

out added phenol was carried out at 340 and 380 nm 
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Figure 5. TVA spectra of 1:6 benzophenone: phenol mixtures in dichloromethane obtained at UV excitation wavelengths of (a) 340 

nm, and (b) 380 nm. The time dependent integrated band intensities of the 1467 cm-1 Bzp (S1/T2) peak are shown at excitation 

wavelengths of 340 nm in (c) and 380 nm in (d). The insets show expanded views at early time delays. The time dependent integrated 

band intensities of the product ketyl and phenoxy radical species (1478 and 1486 cm-1 peaks) are presented at excitation wave-

lengths of 340 nm in (e) and 380 nm in (f). The solid lines are bi- or mono-exponential fits to the experimental data (solid circles). 

To avoid interference of the ground state bleach in the kinetics of the S1/T2 peak (Figure 4a), peak areas were integrated in the 1464 

- 1475 cm-1 region for 340 nm excitation. In the case of 380 nm excitation, the kinetics obtained from the integrated peak area in the 

same wavenumber region (not shown) were identical to those obtained by full peak area integration (Figure 4d). The latter method 

is used for kinetic analysis in this study since the signal obtained with 380 nm is weak relative to 340 nm excitation.
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excitation wavelengths, and the results presented in Figure 

S11 show no excitation wavelength dependence. Inspecting the molecular orbitals of π* ← n and π* ← π electronic tran-
sitions and their corresponding electron density difference 

(see Figure S12), it is evident that hydrogen bonding be-

tween Bzp and phenol is weakened by the S0 → S1 excita-

tion, strengthened by the S1 → T2 ISC, and again weakened 

by the T2 → T1 IC.  The hydrogen bonding destabilizes the S1 (nπ*) state, but it stabilizes the T2 (ππ*) state in the Franck-

Condon region, thereby lifting the degeneracy of the S1 and 

T2 states and slowing down the ultrafast ISC. Fluctuations in 

the Bzp-phenol interactions that break intermolecular 

hydrogen bonds will therefore facilitate the ISC, and these 

molecular reorganizations act as a kinetic bottleneck.44 Fo-

cusing on the H-atom abstraction reaction between triplet 

Bzp and phenol, the time evolutions of the 1478 and 1486 

cm-1 peaks assigned to the Bzp ketyl and phenoxy radicals, 

respectively, reveal the reaction rate (see Figure 4e and f). 

At an excitation wavelength of 340 nm, the integrated peak 

intensities of the radicals grow with bi-exponential time 

constants of 22.6 ± 2.1 ps and 755 ± 52 ps. In contrast, rad-

ical formation following photoexcitation at 380 nm is ac-

counted for by a mono-exponential function with a time 

constant of 859 ± 53 ps. The time constants obtained are 

summarized in Table 2.

Table 2. Time Constants Derived from TVAS Measurements for Bzp and Phenol Solutions in DCM for Two Excitation Wave-

lengths 

excitation wavelength (nm) 
electronic state/ radicals time constants (ps) amplitudes τ1 τ2 a1 a2 

340 

Bzp S1/T2 (a) 1.4 ± 0.8 8.8 ± 0.9 -0.17 ± 0.08 1.1 ± 0.1 

Bzp ketyl and phenoxy 

radicals 
22.6 ± 2.1 755 ± 52 -0.19 ± 0.01 -1.0 ± 0.1 

380 

Bzp S1/T2 (a) < 0.2 10.2 ± 0.3 0.06 ± 0.02 0.8 ± 0.1 

Bzp ketyl and phenoxy 

radicals 
- 859 ± 53 - -1.2 ± 0.1 

(a)  Time constants are derived from the 1467 cm-1 feature in TVA spectra, previously assigned to overlapping absorption bands of 

the S1 and T2 states [Ref. 44].

At both excitation wavelengths, the longer-time radical 

formation can be ascribed to diffusional bimolecular reac-

tion between Bzp(T1) (the only long-lived photoexcited 

state) and phenol. The faster component of radical for-

mation (hereafter referred to as being in the static limit) 

was observed solely for 340 nm excitation, i.e. for predomi-

nantly photoselective excitation of Bzp hydrogen-bonded to 

phenol, with perhaps a minor contribution from the higher 

vibronic excitation of free carbonyl Bzp. This prompt reac-

tion exceeds the rate of the diffusional component because 

the ground-state supramolecular H-bonded complexes are 

preconfigured for photochemical reaction. These assign-

ments of the fast and slow kinetic components are sup-

ported by repeat measurements made for a DCM solution 

with a lower (1:3) ratio of Bzp:Phenol.  Data for the growth 

of the ketyl and phenoxy radical bands are shown in Figure 

S13. At an excitation wavelength of 330 nm (chosen such 

that the amplitude of the static component is similar to that 

for the 1:6 ratio measurements), the time-constant for the 

fast component is unchanged (18.9 ± 1.7 ps) whereas the 

time constant for the slower component increases to ~1200 

ps, consistent with diffusive reaction.  Only the 1200-ps 

time constant is observed for an excitation wavelength of 

380 nm.  

The observed time-dependent first-order rate coefficient 

k(t) can be expressed as: 

 𝑘(𝑡) = 𝛼𝜆(𝑡)𝑘1 + (1 − 𝛼𝜆(𝑡))𝑘2[𝑃ℎ𝑒𝑛𝑜𝑙]           (1) 

 

where k1 = 1/1 is the intrinsic first-order reaction rate 

constant for H-atom transfer in a reactive Bzp-Phenol com-

plex, and k2 is the bimolecular rate coefficient for diffusional 

reaction, such that 1/2 = k2[Phenol].  The parameter 𝛼𝜆(𝑡) 

is the proportion of complexes pre-configured for reaction 

following the UV photoexcitation, and decreases rapidly 

with time as these complexes react.  Its initial value depends 

on the choice of excitation wavelength ( = 380 nm or 340 

nm) in our experiments. The static component observed 

only for the 340-nm excitation can be attributed to the in-

trinsic rate constant for the H-atom abstraction reaction. 

Reaction within a complex will, like the diffusive compo-

nent, involve Bzp(T1). However, the T2 state, or vibration-

ally excited T1-state molecules, which are intermediates in 

the ISC pathway and survive for a few ps, may also contrib-

ute significantly to H-atom transfer and radical formation in 

the static limit case. To unravel these various possible con-

tributions to reaction, we followed the kinetics of the T1 

state as shown in Figure S14. The amplitudes of the contrib-

uting time components of the T1 state population kinetics 

were derived by successfully fitting time-dependent T1 

band intensities to exponential functions with time con-

stants constrained to the values  obtained from the kinetic 

analysis of the S1/T2, Bzp ketyl and phenoxy radical band 

intensities (see Table 2). The outcomes of this analysis are 

summarized in Table S2. The ~12 ps time constant for 

growth of T1 population for Bzp in DCM (see Figure S9) is 

essentially unchanged by addition of phenol ( ~ 10 ps), and 

the faster component of T1 decay following Bzp-phenol 

complex photoexcitation ( ~ 22 ps) and attributed to the 

H-atom transfer reaction is a factor of two slower than this 

T1 growth. These observations suggest that at both excita-

tion wavelengths, the reaction mostly happens from the T1 

state after vibrational cooling, with little or no contribution 

from reaction in the T2 state or from internally hot T1 state 

Bzp. Furthermore, the amplitude ratios obtained are in 

good agreement with those derived from analysis of the 

S1/T2 and radical band intensities, with opposite signs of the 



7 

 

individual amplitudes in accord with expectations for reac-

tion through the vibrationally equilibrated T1 state. The H-

atom abstraction reaction in the static limit might either 

happen within Bzp-phenol hydrogen bonded complexes, or 

between Bzp(T1) and a phenol molecule in the first solva-

tion shell.  One way the latter configuration arises is from 

ps-timescale dissociation of Bzp-phenol complexes, in 

which case it can be considered a geminate process. To in-

vestigate these possibilities, we followed the rate of ex-

change between non-hydrogen and hydrogen bonded envi-

ronments of Bzp with phenol in DCM using 2DIR spectros-

copy. These experimental measurements probe the ex-

change dynamics for Bzp in its ground electronic state. The 

2DIR results, which are summarized in the Supporting In-

formation (Figure 2 in the main text, Figures S5, S6 and Ta-

ble S1), revealed that the exchange between H-bonded and 

non-H-bonded carbonyl forms of Bzp occurs on timescales 

from sub-ps to a few ps. The weakening of hydrogen bonds 

within Bzp-phenol complexes because of IC from the T2 to 

the T1 state was discussed above. Comparing these two de-

ductions, and the known ultrafast timescales for S1 to T2 ISC 

and T2 to hot T1 IC, with the observed ~23 ps growth of pho-

toproducts, we propose that H atom abstraction in the static 

limit case occurs between geminate Bzp and phenol pairs 

lying within the first solvation shell following dissociation 

of photoexcited Bzp-phenol complexes. A lower limit of 

~16% (see Table 2) was obtained for the H-atom abstrac-

tion reactions that happen by these geminate processes fol-

lowing excitation of Bzp-phenol hydrogen-bonded com-

plexes.  Assuming that the excitation of Bzp molecules that 

are not hydrogen bonded to phenol is a small fraction, we 

further propose that the equilibrium between H-bonded 

and geminate Bzp (T1)-phenol pairs favours the latter struc-

tures for Bzp(T1),  in contrast to the preference for H-

bonded pairs for ground-state Bzp(S0). 

Conclusion. We report the photoselective excitation of 

sub-ensemble populations of Bzp coordinated or non-coor-

dinated to phenol through hydrogen bonding in DCM solu-

tion, and the influence of the H-bonding on the photochem-

istry, using femtosecond time-resolved absorption spec-

troscopy.  Solvatochromic shifts observed for Bzp and phe-

nol in DCM solutions in UV-vis and FTIR spectroscopy are 

tell-tale signs for sub-ensemble excitations. TEA and TVA 

spectra of Bzp and phenol in DCM solution after photoexci-

tation clearly indicate H-atom abstraction reaction between 

triplet excited-state Bzp and phenol. Different species ob-

served in TVA spectra are corroborated by DFT/TD-DFT 

calculations of vibrational band frequencies. With 380-nm 

excitation. the H-atom abstraction follows diffusive reaction 

kinetics. In contrast, 340-nm excitation results in H-atom 

abstraction reactions with rates indicative of both static and 

diffusive mechanisms. Analysis of the kinetics of the 

Bzp(T1) state indicates that the H-atom abstraction reaction 

happens from this state for both static and diffusive path-

ways. Inspection of the computed molecular orbitals of Bzp 

in different electronic states shows that the hydrogen bond 

with phenol is weakened in the T1 state compared to S0 or 

T2. Therefore, we propose that accelerated H-atom transfer 

from phenol to Bzp(T1) in the static limit following photo-

excitation of H-bonded Bzp(S0)-phenol complexes occurs 

from vibrationally thermalized Bzp (T1) molecules, and that 

the weaker Bzp(T1)-phenol H-bonds break before the H-

atom transfer occurs. 

ASSOCIATED CONTENT Supporting Information. “This material is available free of charge via the Internet at http://pubs.acs.org.” Experi-
mental and computational methods, Multivariate analyzed 

FTIR spectra of Bzp-phenol in DCM solution, Histogram plot 

of hydrogen and non-hydrogen bonded populations of Bzp 

carbonyl (from MD simulations), radial distribution func-

tions of the Bzp carbonyl oxygen atom and the protic hydro-

gen and oxygen atoms of phenol (from MD simulations), 

representative solvation structures of Bzp (from MD Simu-

lations), 2DIR spectra of Bzp-phenol in DCM solution at dif-

ferent ratios, Kinetic plots for the cross-peaks of 2DIR spec-

tra of Bzp-phenol (1:3) in DCM solution and their time con-

stants, Steady state UV-vis spectra of Bzp, phenol and their 

mixtures, TEA spectra of a Bzp-phenol mixture in DCM so-

lution, TVA spectra of a Bzp/DCM solution at two excitation 

wavelengths, Normal mode vibrations of Bzp, Bzp ketyl and 

phenoxy radicals, Frontier molecular orbitals of Bzp and 

their corresponding electron density differences, Kinetic 

analysis of TVA spectra of a Bzp/DCM solution at two exci-

tation wavelengths, Kinetic analysis of the T1 state of Bzp-

phenol in DCM solution at two excitation wavelengths, and 

Amplitudes derived for the T1 kinetics of Bzp and phenol so-

lutions in DCM at two excitation wavelengths. 
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