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Abstract 7 

Blue light absorbing flavoproteins play important roles in a variety of photobiological processes. 8 

Consequently, there have been numerous investigations of their excited state structure and dynamics, 9 

in particular by time resolved vibrational spectroscopy. The isoalloxazine chromophore of the 10 

flavoprotein co-factors has been studied in detail by time resolved Raman, lending it a benchmark 11 

status for mode assignments in excited electronic states of large molecules.  However, detailed 12 

comparisons of calculated and measured spectra have proven challenging, as there are many more 13 

modes calculated than are observed, and the role of resonance enhancement is difficult to 14 

characterise in excited electronic states.  Here we employ a recently developed approach due to Elles 15 

and co-workers. (J. Phys. Chem. A 2018, 122, 8308–8319) for the calculation of resonance enhanced 16 

Raman spectra of excited states, and apply it to the lowest singlet and triplet excited states of the 17 

isoalloxazine chromophore.  There is generally good agreement between calculated and observed 18 

enhancements, which allows assignment of vibrational bands of the flavoprotein co-factors to be 19 

refined.  However, some prominently enhanced bands are found to be absent from the calculations, 20 

suggesting the need for further development of the theory. 21 
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Introduction 25 

Flavoproteins play a key role in biochemistry because the flavin cofactor can access a range of 26 

oxidation and protonation states, allowing the proteins to participate in a variety of redox reactions.1 27 

The co-factor (Flavin Mononucleotide, FMN, or Flavin Adenine Dinucleotide, FAD) gives these proteins 28 

their yellow colour, which arises from their common isoalloxazine chromophore, which absorbs at 29 

around 450 nm. Over the past thirty years a number of flavoproteins have been shown to play an 30 

important role in photobiology.2-3 Three families of photoactive flavoproteins have been identified, 31 

the blue light using flavin (BLUF) domain proteins,4 the light-oxygen-voltage (LOV) domain proteins5-7 32 

and the photolyase/cryptochromes.8 These are the light sensing elements in an array of 33 

photobiological functions, playing a role in processes ranging from phototaxis to circadian rhythms. 34 

Several photoactive flavoproteins function by controlling gene expression in response to light, a 35 

property which has recently been recruited in optogenetics applications.9 36 

The obvious importance of isoalloxazine excited state chemistry has stimulated a number of 37 

investigations. Both optical and infra-red spectroscopy have been applied to probe flavin 38 

photochemistry in all of its accessible charge states.10-13 These studies have been extended to 39 

photoactive flavoproteins, and the effects of optical excitation on their structure and excited state 40 

dynamics have been investigated by crystallography, NMR and pump-probe spectroscopy 41 

respectively.14-22 These experiments have been complemented by quantum chemical calculations.23-27 42 

Time resolved infra-red (TRIR) spectroscopy in particular has proven a useful probe of flavin excited 43 

state reactions, and their effect on the surrounding protein matrix.28-34 However, TRIR measurements 44 

of flavoproteins have significant drawbacks. First, measurements must be made in D2O buffer, as H2O 45 

absorbs strongly in the characteristic protein amide and sideband region. Second, it cannot be applied 46 

to large complexes, due to strong absorption by amide modes. Finally, TRIR difference spectra are 47 

often complicated and difficult to interpret, involving contributions from both the chromophore and 48 

the surrounding protein matrix.35 49 
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In contrast, transient Raman spectroscopy can be applied in aqueous solutions and to proteins of any 50 

size, limited only by their solubility. Further, resonance enhancements can be exploited, yielding 51 

simpler state specific vibrational data. However, the application of Raman in time resolved 52 

photobiology has been restricted by the twin problems of strong background fluorescence and the 53 

weakness of the signal that can be generated from transient states. These problems can to a large 54 

extent be overcome by femtosecond stimulated Raman spectroscopy (FSRS). FSRS is a coherent 55 

multipulse experiment which yields well resolved Raman spectra of resonant excited states with good 56 

signal to noise and ultrafast (sub 100 fs) time resolution. The FSRS experiment has been described in 57 

detail elsewhere.36-37 58 

Weigel and co-workers reported the first FSRS spectrum of the singlet excited states of solutions of 59 

riboflavin and FAD.38 They assigned the observed excited state Raman spectra with the aid of TDDFT 60 

calculations, and contrasted them with ground state measurements. Hall and co-workers extended 61 

the FSRS method to probe FAD in photoactive flavoproteins, and showed that the excited state spectra 62 

were sensitive to the protein environment.39 Recently, two further FSRS studies have investigated 63 

excited states of FMN. Andrikopoulos et al probed singlet and triplet states of FMN in solution, and 64 

assigned them on the basis of TDDFT calculation.40 Iuliano et al also reported singlet and triplet state 65 

FSRS, and presented a detailed assignment based on the study of a series of FMN isotopologues, both 66 

experimentally and through TDDFT, in solution and in LOV domain proteins.41 As a result of these quite 67 

extensive studies, the chromophore of the flavoproteins, isoalloxazine, has one of the best 68 

characterised excited state spectra, giving it the status of a benchmark for assignment of excited state 69 

vibrations of large molecules, in addition to its established role in photobiology. 70 

The experimental FSRS spectra of S1 and T1 isoalloxazines map well onto the results of TDDFT 71 

calculations. However, many more modes are found in the calculated spectrum than appear in the 72 

experiment. Typically, only five or six bands appear in the FSRS spectrum measured in the fingerprint 73 

(1100 – 1800 cm-1) region of isoalloxazine, and in many cases these can plausibly be assigned to several 74 

different nearby calculated modes.38, 40-41 With the aid of spectra from isotopologues it proved possible 75 
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to assign some experimental bands to specific modes, but in other cases multiple possible assignments 76 

remained.41 The reason for the relative simplicity of the FSRS spectrum, compared to the calculation, 77 

is that FSRS is resonantly enhanced. It is well established that resonance enhancements simplify 78 

ground state Raman spectra, as has also been shown for isoalloxazines.42-43 The challenge with excited 79 

state resonant FSRS spectra is that while the spectra represent the lowest excited states of most 80 

interest (S1, T1) the factors controlling the enhancement rests with the properties of the upper (Sn, Tn, 81 

n>1) states. Recently Elles and co-workers established that this can play a major role in FSRS spectra, 82 

and made important progress in developing and testing methods for calculating resonance enhanced 83 

FSRS.44-45 Given the importance of the flavin co-factors in photobiology, and the benchmark status of 84 

isoalloxazine emerging from the multiple observations of its excited state Raman spectra, we have 85 

applied the approach described by Elles to model the FSRS of S1 and T1 isoalloxazine. 86 

Theory 87 

Strong enhancement of a mode in a resonance Raman spectrum is a result of the equilibrium geometry 88 

of the resonant, upper, electronic state, |𝑁𝑁⟩, being displaced with respect to that of the lower 89 

electronic state, |𝐼𝐼⟩.46 This gives rise to significant wavefunction overlap in the Franck-Condon factors 90 

�ν𝑓𝑓�ν𝑛𝑛� and ⟨ν𝑛𝑛|ν𝑖𝑖⟩, between the vibrational levels of the upper state, |ν𝑛𝑛⟩, and the initial and final 91 

vibrational levels of the lower electronic state, |ν𝑖𝑖⟩ and �ν𝑓𝑓�. As described by Elles et al., the intensity 92 

of the kth mode of the lower electronic state, 𝐼𝐼𝑘𝑘, is proportional to the square of its polarizability 93 

tensor, 𝛼𝛼𝑓𝑓𝑓𝑓𝑘𝑘 , which can be determined using the semiclassical gradient approximation.44 This accounts 94 

for the vibrational overlap by propagating an initially Gaussian wavepacket on the potential energy 95 

surface of the upper electronic state, 𝑉𝑉𝑁𝑁, using classical equations of motion.47-50 To first order, the 96 

evolution of the wavepacket is thus dictated by the gradient of the upper state potential with respect 97 

to the vibrational coordinate of the lower electronic state, which increases with greater displacement 98 

of the equilibrium geometry of 𝑉𝑉𝑁𝑁.  99 
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where 𝜔𝜔𝑘𝑘 is the mode frequency, 𝑞𝑞𝑘𝑘 is the normalised mode coordinate, 𝜔𝜔𝑝𝑝 is the excitation (pump) 101 

frequency and 𝜇𝜇𝑁𝑁𝑁𝑁 is the electric transition dipole moment between the lower and upper electronic 102 

state.45  The resonance Raman intensity is therefore also strongly dependent on the oscillator strength 103 

of the electronic transition, 𝑓𝑓 ∝ 𝐸𝐸𝑝𝑝|𝜇𝜇𝑁𝑁𝑁𝑁|2 where 𝐸𝐸𝑝𝑝 = ℏ𝜔𝜔𝑝𝑝.44 104 

The Condon approximation for the electric transition dipole moment restricts the gradient 105 

approximation to the Albrecht A term in the theory of Raman scattering, neglecting any Herzberg-106 

Teller vibronic coupling between electronic states involved in the higher (B, C, D) terms.51 These terms 107 

are expected to have a greater contribution in excited state resonance Raman spectra, where the 108 

increased density of states reduces the separation energies. In this format, the gradient approximation 109 

is limited to resonance with a single electronic state, neglecting any mode enhancement due to the 110 

additive effects of resonance with nearby excited states. Similarly, this approach does not account for 111 

quantum interference caused by allowed transitions to multiple electronic states or population 112 

transfer due to nonadiabatic coupling between states, which result in resonance de-enhancement.52-113 

53 Reduced enhancement due to homogeneous broadening, most significant for low frequency modes, 114 

is also neglected in this approach.45, 54-55 115 

Methods  116 

(i) Femtosecond Stimulated Raman The experimental FSRS spectra we aim to simulate were measured 117 

previously41 using an instrument described in detail elsewhere.56-57 The narrowband (ca. 10 cm-1) 118 

picosecond ‘Raman Pump’ pulses was centered at 750 nm to be resonant with the known excited state 119 

transient absorption of FAD.40 The excitation was at 450 nm, generated from the OPA (Topas Prime). 120 

(ii) Off-resonance Raman Calculations. The optimized structures and off-resonance Raman spectra 121 

were calculated as described in our previous paper (see also supporting information).41 All calculations 122 

were completed using Gaussian 16.58 The ribityl-5’-phosphate in FMN was replaced with a methyl 123 
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group for most calculations, thus modelling the isoalloxazine chromophore in FMN as lumiflavin. The 124 

lumiflavin was solvated by four explicit water molecules38 as well as a polarizable continuum model 125 

(PCM)59-60 for water. The optimized structure of the ground electronic state, S0, was obtained using 126 

DFT at the B3LYP61-62/TZVP63 level of theory and is presented in figure 1, showing the arrangement of 127 

water molecules around the polar end of isoalloxazine. This level of theory was chosen to align with 128 

our earlier work, and because the functional is well established and benchmarked for frequency 129 

calculations. The four water molecules represent the H-bonding interaction, which causes a red-shift 130 

of ππ* and a blue-shift of nπ* transitions such that S0 → S1 corresponds to an allowed ππ* transition.38, 131 

64-65 The orientation of the water molecules lowers the symmetry from the CS to C1 point group. The 132 

excited state geometries were optimized using TD-DFT for S1 and unrestricted DFT for T1 at the same 133 

level of theory and solvation used for the ground state. The three optimized structures were 134 

characterised using harmonic frequency analysis at 298.15 K and 1 atm, identifying genuine minima 135 

and yielding off-resonance Raman spectra for each of S0, S1, and T1. 136 

 137 

Figure 1: Optimized geometry of lumiflavin in the ground electronic state (S0) with atomic labels, obtained using 138 
B3LYP/TZVP level of theory solvated by four water molecules as well as a PCM.  139 

(iii) Resonance Raman Calculations. Resonance Raman spectra for each of S0, S1, and T1 are calculated 140 

using the gradient approximation method as described for FSRS by Elles et al.44-45 TD-DFT calculations 141 

are repeated for several steps along each vibrational mode coordinate of the lower state, Si or Ti, 142 

including the optimised geometry, providing the potential energy surfaces of the upper excited states, 143 

SN or TN, in this region. The potential energy surfaces are then fit with a polynomial function and 144 

differentiated to evaluate the gradients of the upper states at the optimised geometry of the lower 145 
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state, as required for equation 1. Here, TD-DFT was performed for five steps along the normalized 146 

mode coordinate, 𝑞𝑞𝑘𝑘 = 0, ±0.1, ±0.2, for all modes in the range 1150 - 1750 cm-1 (31 modes for each 147 

of the ground excited singlet and triplet states) for and the potential energy surfaces were accurately 148 

fit with a cubic function to account for the anharmonicity implicit to TD-DFT (see supporting 149 

information). The appropriate upper excited state to be used in equation 1 corresponds to the 150 

transition approaching resonance with the excitation wavelength which has the greatest oscillator 151 

strength, as discussed below. Transition dipole moments between excited singlet states are obtained 152 

from the TD-DFT results at the optimized geometry of S1 using the Multiwfn program.66  153 

As discussed by Elles et al., this method is limited by the inability of TD-DFT to account for double-154 

excitation character of electronic states, which may be overcome by using alternative methods such 155 

as equation-of-motion coupled-cluster theory with single and double excitations (EOM-CCSD).44 156 

Significant double-excitation character is expected for higher excited states populated by the 157 

sequential absorption of two photons, such as the resonant singlet states, SN. However, the rapid 158 

scaling in computational cost with increasing system size for coupled-cluster methods warrants less 159 

demanding TD-DFT for studies involving repeated calculation for larger molecules, such as 160 

lumiflavin.67-69 161 

Results and Discussion 162 

In our previous paper, transitions in the FSRS spectra of the S1 and T1 excited states of FMN were 163 

assigned through comparison of the shifts observed for a series of isotopologues with shifts in the 164 

calculated off-resonance Raman spectra. However, as off-resonance spectra neglect the enhancement 165 

due to the gradient of the resonant state involved in FSRS, the assignments were based primarily on 166 

the calculated mode frequencies, and the observed peaks are often associated with several calculated 167 

modes. The transient absorption spectra of FMN at early times show a broad S1→Sn excited state 168 

absorption band from ca. 700 - 900 nm which probably involves multiple excited singlet states. At later 169 

times a more intense T1→Tn band is observed at 712 nm, which is pre-resonant with the 750 nm 170 
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excitation wavelength, leading to significant resonance enhancement.40 Calculation of the resonance 171 

Raman spectra using the gradient approximation method described above should therefore enable an 172 

improved assignment of the S1 and T1 FSRS peaks, by accounting for the enhancement due to the 173 

resonant singlet and triplet states. First, the model is benchmarked against the well-known resonance 174 

Raman spectrum for the ground electronic state (S0) of isoalloxazine, and then applied to calculate 175 

resonance Raman spectra for the excited states S1 and T1, which are then used to refine the 176 

assignment of the measured FSRS peaks. 177 

(i) S0 Benchmark. Calculated off-resonance and resonance Raman spectra for the ground state, S0, are 178 

presented in figure 2. The calculated frequencies for S0 include an empirical scaling factor of 0.965 179 

commonly used for this level of theory and basis set.70 The ground state resonance Raman spectra 180 

reported for both riboflavin42-43 and lumiflavin71 show excellent agreement with the calculated 181 

spectrum. The resonance Raman spectrum of riboflavin reported by Kitagawa et al. identifies five 182 

strongly enhanced modes at 1252, 1355, 1407, 1584 and 1631 cm-1,42 which correspond to transitions 183 

at 1204, 1312, 1543 and 1605 cm-1 in the calculated spectrum. However, no enhancement was 184 

calculated at 1407 cm-1 while a calculated enhancement at 1502 cm-1 has no experimental 185 

counterpart. The missing enhancement at 1407 cm-1 is similarly weak when calculated using the 186 

independent mode, displaced harmonic oscillator (IMDHO) model, as reported by Weigel et al.38and 187 

Kar et al.71 IMDHO uses the same time-dependent theory as the semiclassical gradient approximation 188 

described above, but assumes the excited state potential energy surfaces are harmonic.72 189 
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Figure 2: Calculated off-Resonance and Resonance Raman spectra for S0 of lumiflavin solvated by four water 190 
molecules. Resonance enhanced modes are highlighted in red. 191 

 192 

The resonance Raman spectrum in figure 2 is calculated using the gradient of the S1 potential energy 193 

surface at the optimised geometry of S0, with an excitation wavelength of 488 nm to match the 194 

literature. The calculated spectra are broadened by a Lorentzian function with FWHM of 20 cm-1 and 195 

scaled so that the original ‘stick’ spectra are contained within the lineshape. The five modes with the 196 

strongest enhancement in the resonance Raman spectrum are assigned in Table 1 and highlighted in 197 

red in Figure 2. Modes are numbered according to the output of the frequency analysis at the 198 

optimised geometry for each electronic state. The numbering of modes for S0 in Table 1 is therefore 199 

independent of the numbering for S1 and T1 modes discussed later. The assignment of these modes 200 

agrees with that of Weigel et al. using the IMDHO model, as well as the displacements identified 201 

through isotopic frequency shifts by Kitigawa et al.38, 42  202 

 203 
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Experimental42 /cm-1 Calculated /cm-1 Mode Assignment 

1252 1204 75 asC2-N3-C4, sC7-Me, sC8-Me, wC6-H, wC9-H 

1355 1312 79 asN10-C10a-C4a, ssC2-N3-C4, asC5a-C9a-C9, sC7-C8, wC6-H 

- 1502 95 asN10-C10a-N1, sC4a-N5, ssC8-C9-C9a, ss(C2=O2, C4=O4), 
wN3-H, bN10-Me 

1584 1543 97 sC5a-C9a, asC7-C8-C9, asN5-C4a-C10a 

1631 1605 101  sC4a-N5, sC6-C7, sC9-C9a, sC2=O2 

Table 1: Assignment of resonance enhanced modes for S0. s: stretch, a-: antisymmetric, s-: symmetric, w: wag, 204 
b: bend. Three atom stretches are described with respect to the centre atom and delocalised/coupled carbonyl 205 
stretches are indicated using brackets. 206 

The resonance enhanced modes at 1204 cm-1, 1312 cm-1 and 1502 cm-1 also produce intense peaks in 207 

the off-resonance Raman spectrum, in contrast to the most enhanced modes at 1543 cm-1 and 208 

1605 cm-1. The intense peak in the off-resonance Raman spectrum at 1339 cm-1 shows minimal 209 

enhancement in the resonance Raman spectrum. The carbonyl stretches at 1629 cm-1 and 1657 cm-1 210 

also show very little enhancement in the resonance Raman spectrum, reflecting the negligible 211 

displacement between the potential minima for S1 and S0 for these modes. All five modes in Table 1 212 

feature strong C-N as well as ring I stretches such that the vibrations are delocalised across the 213 

isoalloxazine moiety. 214 

(ii) S1 Assignment. The calculated off-resonance and resonance Raman spectra for S1 are shown in 215 

figure 3. The modes with the greatest resonance enhancement are again highlighted in red to 216 

emphasise the contrast with off-resonance intensities. The previously reported41 FSRS spectrum for S1 217 

is also shown in figure 3. Recognizing the dominance of the transition dipole moment in equation 1, 218 

∝ |μ𝑁𝑁𝑁𝑁|4, the resonance Raman spectrum is calculated using the gradient of S8 for the upper state, as 219 

the TD-DFT results identify S1 → S8 has the greatest oscillator strength of transitions in the region of 220 

the 750 nm Raman pump wavelength. The energies and oscillator strengths of neighbouring 221 

transitions are provided in the supplementary information. The assignment of each peak in the FSRS 222 

spectrum of S1 is given in table 2, including the modes identified in our previous work using isotopic 223 

frequency shifts in off-resonance spectra, as well as the refinements now proposed by the calculated 224 

resonance Raman spectrum.  225 
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 226 
Figure 3: Calculated off-Resonance and Resonance Raman spectra for S1 of lumiflavin solvated by four water 227 
molecules, as well as measured FSRS spectrum for S1 of FMN in H2O from ref41. Resonance enhanced modes are 228 
highlighted in red. 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 
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FSRS /cm-1 Off-Resonance 
Raman /cm-1 

Resonance 
Raman /cm-1 

Mode Assignment 

1220 1198  73 sN5-C5a, sN3-C4, sC6-C7, wC6-H, wC9-H 

 1204  74 sC2-N3, ssN5-C4a-C10a, sC9-C9a, sC6-C7, 
wC6-H, wC9-H, wN10-Me 

 1212 1212 75 asC10a-N1-C2, sN3-C4, sC4a-N5, sC6-C7 

1389 1360  80 sN10-C10a, sN3-C4, asC7-C8-C9, asC6-C5a-
C9a, bN10-Me, bC7-Me, bC8-Me 

 1377  81 sC4a-C10a, sN1-C2, sC5a-C9a, sC6-C7, 
wC6-H 

 1393 1393 82 sC4a-N5, sN10-C10a, sN1-C2, ssC8-C9-C9a, 
wC6-H, bN10-Me, wC8-Me, wC7-Me 

1423 1426 1426 85 asN5-C4a-C4, ssC10a-N1-C2, sN3-C4, 
wC6-H, scC8-Me, scN10-Me 

1507 1511  95 sC4a-N5, sN1-C10a, sC7-C8, sC5a-C9a, 
wN3-H, bC7-Me, bC8-Me, bN10-Me, wC9-H, 

wC6-H 

Table 2: Assignment of FSRS peaks for S1 based on the calculated off-resonance and resonance Raman spectra. 239 
s: stretch, a-: antisymmetric, s-: symmetric, w: wag, sc: scissor, b: bend. Three atom stretches are described with 240 
respect to the centre atom. 241 

The off-resonance Raman spectrum associates the FSRS peak at 1220 cm-1 with a cluster of ring modes 242 

73, 74 and 75. The isolated enhancement of mode 75 at 1212 cm-1 in the resonance Raman spectrum 243 

now refines this assignment. Similarly, 15N or 13C substitution resulted in a red-shift of the FSRS peak 244 

at 1389 cm-1 which was also shown by modes 80, 81 and 82, where mode 81 at 1377 cm-1 has the 245 

greatest intensity in the off-resonance spectrum, but mode 82 best reproduced the red-shifts of the 246 

FSRS peak. The resonance Raman spectrum shows negligible enhancement of mode 81, in favour of 247 

significant enhancement of mode 82 at 1393 cm-1. The 1389 cm-1 peak is therefore assigned to mode 248 

82 which features strong C-N and ring I stretches, as observed for the enhanced ground state 249 

vibrations, whereas the greatest displacements involved in mode 81 are localised on ring II; calculated 250 

mode displacements are shown in the supplementary information. The resonance Raman spectrum 251 

confirms the assignment of the FSRS peak at 1423 cm-1 to mode 85 at 1426 cm-1. However, the FSRS 252 

peak at 1507 cm-1 has no clear assignment in the calculated resonance Raman spectrum. The peak at 253 

1507 cm-1 shows twice the amplitude of the other FSRS peaks and was insensitive to 15N or 13C 254 
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substitution and D2O exchange.  Despite the intensity of mode 95 at 1511 cm-1 in the off-resonance 255 

spectrum, this mode shows no enhancement in the resonance Raman spectrum. Similarly, the small 256 

enhancement of mode 96 at 1541 cm-1 does not account for the dominance of the 1507 cm-1 peak in 257 

the FSRS spectrum, though it may contribute to the shoulder to higher wavenumber of the peak (figure 258 

3).  259 

The difficulties in assigning the 1507 cm-1 peak must therefore result from the limitations of the 260 

gradient approximation, which does not account for vibronic coupling between electronic states, or 261 

the density of excited states. The neglect of vibronic coupling means that overtones and combination 262 

bands are not resolved in the resonance Raman spectra calculated using this method. The absence of 263 

a fundamental mode enhancement at ca. 1500 cm-1 therefore suggests consideration of a possible 264 

assignment of the 1507 cm-1 FSRS peak to an overtone or combination of lower frequency modes. In 265 

the limit of strong damping, typical for large molecules in the condensed phase, the intensities of 266 

overtones and combination bands are also determined by the displacement of the upper state 267 

potential energy surface, but cannot exceed the intensities of the fundamental peaks for the 268 

contributing modes.46, 73 This was demonstrated by Quincy et al. for a combination band of 269 

diphenylthiophene, where the fundamental peaks of the contributing modes are clearly visible at 270 

lower frequency in the FSRS spectrum, and are significantly (> 6 times) more intense.44 However, 271 

extension of the calculated resonance Raman spectra for S1 isoalloxazine to the lower frequency 400 272 

- 900 cm-1 region identified no modes that exceeded, or even matched, the intensity of the peaks in 273 

figure 3. Thus an assignment to an overtone or combination band is not supported. 274 

Strong peaks at ca. 1500 cm-1 were also observed in the FSRS spectra of S1 reported by Weigel et al. 275 

and Andrikopoulos et al., and assigned using off-resonance calculations.38, 40 However, Andrikopoulos 276 

et al. reported that the assignment of this strong peak had the greatest difference between calculated 277 

and experimental frequencies; these complications are consistent with the present difficulties.40 If the 278 

peak at 1507 cm-1 is indeed the result of a separate vibrational mode, the missing enhancement must 279 

also reflect the limitations of TD-DFT in describing the higher excited singlet states.  280 
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Another possibility is a role for a different enhancing transition, although the order of magnitude 281 

decrease in oscillator strength for transitions to states neighbouring S8 suggests the density of 282 

electronic states is not the primary issue (supporting information). Even so this possibility was 283 

investigated. There is also no strong enhancement at ca. 1500 cm-1 in resonance Raman spectra 284 

calculated using S6 and S7 as alternative near resonant states, so this is also not a plausible explanation 285 

(supporting information). 286 

(iii) T1 Assignment. The calculated off-resonance and resonance Raman spectra for T1 are shown in 287 

figure 4, along with the previously reported FSRS spectrum of T1 recorded 3 ns after electronic 288 

excitation to allow for intersystem crossing.41 The resonance Raman spectrum is calculated using the 289 

gradient of T5 for the upper state, selected as the oscillator strength of the T1 → T5 transition is two 290 

orders of magnitude greater than T1 → T4, although the transition energy is further from resonance 291 

with the 750 nm Raman pump wavelength; see supplementary information. This is in line with the 292 

dominant role of transition dipole moment in the enhancement.  Assignments of the FSRS peaks for 293 

T1 are given in table 3.  294 
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 295 

Figure 4: Calculated off-Resonance and Resonance Raman spectra for T1 of lumiflavin solvated by four water 296 
molecules, as well as measured FSRS spectrum for T1 of FMN in H2O from ref. 41  Resonance enhanced modes are 297 
highlighted in red. 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 
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FSRS /cm-1 Off-Resonance 
Raman /cm-1 

Resonance 
Raman /cm-1 

Mode Assignment 

1202 1190  73 asN1-C2-N3, asC4-C4a-C10a, asC5a-C6-C7, 
wC6-H, ssC8-C9-C9a 

  1205 74 sN3-C4, sC5a-N5, sC9-C9a, wC6-H, wC9-H, 
wN10-Me 

1284 1260 1260 76 asC2-N3-C4, sN10-C10a, sC4a-N5, sC6-C7, 
wC6-H, wN10-Me 

  1288 77 sC7-Me, sC5a-N5, sN10-Me, sN1-C2, wC6-H, 
wC9-H 

1399 1348  79 sN10-Me, sN1-C10a, ssC2-N3-C4, 
asC6-C7-C8, asC9-C9a-C5a, wC6-H, wC9-H 

 1395  81 sN1-C10a, sC4a-N5, ssC2-N3-C4, sC9-C9a, 
bC7-Me, wN3-H 

 1406 1406 83 sN10-C10a, sC4a-N5, sN1-C2, sN3-C4, 
ssC8-C9-C9a, wC7-Me, wC8-Me, wN10-Me 

1519 1486  90 sC4a-N5, sN1-C10a, as(C2=O2, C4=O4), 
wN3-H 

 1512  94 sC4a-N5, sN1-C10a, ssC5a-C6-C7, sC8-Me, 
sC9a-N10, wN3-H, bN10-Me, bC7-Me 

 1540  96 sC4a-N5, sN1-C10a, sC2=O2, sN3-C4, 
ssC7-C8-C9, wC6-H, wC9-H, wN3-H 

Table 3: Assignment of FSRS peaks for T1 based on the calculated off-resonance and resonance Raman spectra. 306 
s: stretch, a-: antisymmetric, s-: symmetric, w: wag, b: bend. Three atom stretches are described with respect to 307 
the centre atom and delocalised/coupled carbonyl stretches are indicated using brackets. 308 

The off-resonance Raman spectrum identified mode 73 at 1190 cm-1 as the only candidate for the FSRS 309 

peak at 1202 cm-1, but the resonance Raman spectrum shows this mode has negligible enhancement 310 

so this peak is in fact better assigned to mode 74 at 1205 cm-1, which has the greater amplitude in the 311 

resonance spectrum.  Again, mode 74 is delocalised across the isoalloxazine structure whereas mode 312 

73 has the strongest amplitude displacements concentrated on ring III. The resonance Raman 313 

spectrum confirms the earlier assignment of the FSRS peak at 1284 cm-1 to modes 76 and 77 at 1260 314 

cm-1 and 1288 cm-1, respectively, which have minimal intensity in the off-resonance spectrum, but 315 

moderate enhancement in the resonance Raman spectrum. The resonance Raman spectrum for T1 is 316 

dominated by enhancement of mode 83 at 1406 cm-1. The FSRS peak at 1399 cm-1 can therefore be 317 

confidently assigned to mode 83, whereas the isotopic frequency shifts in the off-resonance Raman 318 
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spectra had previously not distinguished between modes 79, 81 or 83 as possible assignments. As was 319 

found for S1, the lack of enhancement in the region of 1500 cm-1 means assignment of the FSRS peak 320 

at 1519 cm-1 cannot be improved beyond the previous suggestions of modes 90, 94 and 96 from the 321 

off-resonance Raman spectrum; none of these modes are strongly enhanced. This dramatic difference 322 

in intensity between the off-resonance and resonance Raman spectra for both S1 and T1 demonstrates 323 

that assignments based purely on off-resonance spectra may be unreliable.  324 

The 1519 cm-1 peak showed no significant change on D2O exchange, with modes 90 and 96 both 325 

reproducing the red-shift of the FSRS peak on 15N and 13C substitution, but again the absence of an 326 

enhancement places a question mark over this assignment. Extension of the calculated resonance 327 

Raman spectrum to the lower frequency 400 - 900 cm-1 region again did not identify any modes with 328 

sufficient enhancements to support assignment of the 1519 cm-1 peak to an overtone or combination 329 

band. Therefore, the missing enhancement of this peak links with the 1507 cm-1 FSRS peak for S1, 330 

suggesting a common origin and thus endorsing the blue-shift of this mode on triplet formation, as 331 

described previously by both us and Andrikopoulos et al.40 Resonance Raman spectra calculated using 332 

T4 or T6 as the resonant state show increased enhancement above 1500 cm-1, including the carbonyl 333 

stretching modes, but any contribution from these states is expected to be negligible due to the 334 

significantly reduced oscillator strength; see supplementary information. 335 

One final possible assignment for the missing 1507/1519 cm-1 bands is that our simulations are based 336 

on isoalloxazine, whereas measurements were made on FMN, so potentially the side chain might 337 

make a contribution. This is unexpected, as the most strongly enhanced modes are delocalized ring 338 

modes, but as a check we extended the TDDFT calculation to riboflavin, which has the same side chain 339 

as FMN, but does not include the phosphate group.  Although some differences were found in the 340 

electronic structure and the off-resonance spectrum between isoalloxazine and FMN, the overall 341 

pattern of the enhancements was not modified, and in particular there were no new candidates for 342 

the identity of the 1507/1519 cm-1 bands; these data are presented in the supporting information. The 343 
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absence of these experimentally observed modes in the calculated enhancements therefore suggests 344 

some shortcoming in the methods employed here. 345 

Conclusions 346 

Resonance enhanced FSRS provides a powerful means of studying the structure of excited electronic 347 

states of large molecules in complex environments. It provides data beyond anything that can be 348 

gleaned from transient absorption spectroscopy. The method has recently been applied to investigate 349 

the isoalloxazine moiety in solution and in photoactive flavoproteins. These studies have been 350 

supported by TD-DFT calculations, but assignment of FSRS peaks based on off-resonance Raman 351 

spectra is challenging because of the large number of modes, and neglects the essential contribution 352 

of the resonant excited state in determining the intensities. Here, the assignment of FSRS spectra for 353 

S1 and T1 states of FMN, previously reported by a number of groups, has been addressed through 354 

calculation of excited state resonance Raman spectra, using the time-dependent gradient 355 

approximation. The calculated resonance Raman spectra have confirmed or refined the assignment of 356 

almost all FSRS peaks observed for FMN or riboflavin.  The generally good agreement between 357 

experiment and the time-dependent gradient approximation is encouraging. However, for both S1 and 358 

T1 FMN a prominent band at ca. 1500 cm-1 in the FSRS spectrum was absent from the calculations.  359 

This may be due to the neglect of Herzberg-Teller vibronic couplings within the gradient 360 

approximation, or may also reflect the inadequacy of TD-DFT to correctly characterise the higher 361 

energy, resonant excited electronic Sn/Tn states.  Employing alternative excited state methods such as 362 

EOM-CCSD to obtain the excited state potential energy surfaces might reduce these concerns and so 363 

identify the missing mode. Furthermore, the use of a post Hartree-Fock methodology, such as MP2, 364 

would account for correlation energies more accurately and therefore give a better description of the 365 

molecular geometries, especially with regards to the positioning of the explicit solvent molecules.  366 

Using MP2 for geometric optimizations in combination with EOM-CCSD for excited state calculations 367 
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should be considered for future studies, this will however be at considerable (perhaps prohibitive) 368 

additional computational expense. 369 
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