1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

o WATIG,

R

HE

'NS)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
JPhys Chern B. 2012 March 15; 116(10): 3467-3475. doi:10.1021/jp300392a.

Photoinduced Electron Transfer in Folic Acid Investigated by
Ultrafast Infrared Spectroscopy

Guifeng Li, Donny Magana, and R. Brian Dyer”
Department of Chemistry, Emory University, Atlanta, Georgia, 30322, United States

OH
Intra- electron transfer
0.0010 N
° 0 5
@
J N
0.0008 g,.‘ X HN | CHZ_NH@_LLNH
P R )\N ~n =0
0.00064 & 5P, NH; Folic Acid (FA) OH
<« [ ] o\%
QS 0.0004 o>—>» ET _:~Sps
2 1 BW
? Q
] G
0.0002 B
9 Fa B.om‘
4 ET 2 P o 32 2% 20 2
- J ~ 3 ) X .
o.00004¢ ET o ~2ps g Y S.:*o %4
> 9
-0.0002 . . — T
3 6 9 12 15 18 21 24 27 30 33 36 39
Time (ps)

Conformational control of excited-state intramolecular electron transfer (ET) in folic acid (FA) has
been investigated using femtosecond time-resolved infrared (TRIR) spectroscopy. Ultrafast
excited-state ET between the pterin and the 4-aminobenzoyl subunits of FA is observed for the
anionic form (at pH 10.0). An ET lifetime of 2.5 ps is estimated from Marcus theory for FA in the
“U” conformation, in close agreement with the observed lifetime of 2.0 ps. Return to the ground
state through the reverse ET reaction happens almost as rapidly, within 5 ps, resulting in rapid
quenching of the singlet excited state. In mixed water:dimethyl sulfoxide solvent, ET becomes
more unfavorable as FA adopts a more open conformation, thereby increasing the effective donor—
acceptor distance and reducing the coupling energy. In contrast, no ET is observed for the cationic
form of FA at low pH (6.0). In this case, the initial singlet excited state is localized on the pterin
moiety of FA, and the excited-state charge distribution evolves with time. The charge
redistribution in the pterin that occurs with intersystem crossing to the triplet state is characterized
by changes in the transient IR spectrum. The excited-state lifetime is much longer in the absence
of an ET quenching pathway. These results provide new insight into the mechanism of
photodegradation and toxicity of FA. Ultrafast intramolecular ET in closed conformations of FA
rapidly quenches the excited state and prevents efficient triplet state formation. Thus,
conformations of FA that allow ultrafast intra-ET and rapid quenching of the singlet excited state
play a key role in inhibiting pathological pathways following photoexcitation of FA.
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INTRODUCTION

Folic acid (FA), water-soluble vitamin Bg, is required for normal tissue growth and
development,2 and plays an important role in the metabolism of amino acids and
biosynthesis of DNA and RNA.1-3 FA may also have potential applications in cancer
prevention3-> through its free-radical scavenging and antioxidant activity.6 However, FA
has a Jekyll and Hyde-like nature because excess intake may increase the risk of skin cancer
caused by ultraviolet (UV) light exposure, due to FA-related DNA cleavage.” The
mechanism of FA related to DNA damage appears to be electron transfer (ET) between
consecutive G residues and photoexcited pterine-6-carboxylic acid (PCA), which is a
product of UV photo-degradation of FA.7:8

Despite the biological importance of the photochemistry and photophysics of FA, they are
not yet fully understood. Recent studies have mainly focused on the photodegradation of FA
or pterins observed by UV absorbance®10 and fluorescence.19-12 |n addition, computational
methods have been applied to the understanding of its photochemical and photophysical
processes.13-16 Most studies of FA photochemistry suggest that photoinduced ET between
the components of FA may play an important role in its photodegradation.”11.13 However,
such a mechanism is not completely supported by the available evidence, which is mostly
indirect, including theoretical calculations and experimental measurements such as
fluorescence quenching. Furthermore, the role of FA conformation in the ET dynamics is
not understood. Therefore, the ET mechanism in FA continues to be controversial and in
need of clarification. Two different models have been proposed to explain the photoinduced
ET reactions of FA. One model is intramolecular electron transfer (intra-ET) between the
pterin ring and the 4-aminobenzoyl ring of FA. This model is supported indirectly by
differences in the fluorescence spectra of FA and its components, PCA and p-aminobenzoyl-
c-glutamic acid (PABGA).1” Another model is intermolecular electron transfer (inter-ET),
due to vertical stacking of the hydrophilic or hydrophobic ring structures, which was
postulated on the basis of concentration-dependent measurements.18

It should be possible to determine which of these mechanisms best describes the earliest ET
processes in FA using ultrafast spectroscopy to probe the events that follow electronic
excitation. A few studies have been carried out to probe radical formation in FA caused by
reaction with free radicals such as «OH, using pulse radiolysis techniques.:19-21
Unfortunately, the time scale of such measurements is microseconds or slower, preventing
direct observation of the initial ET reaction. Another critical issue is probing the excited-
state dynamics with sufficient structural specificity to definitively assign the ET process.

We have employed femtosecond time-resolved infrared spectroscopy (TRIR) in order to
capture the fast ET processes in FA. Previous work has demonstrated that TRIR spectros-
copy is a powerful technique for following ET dynamics in complex molecular
structures.22-28 |n comparison with ultrafast electronic spectroscopy in the UV-visible (UV/
vis) range, infrared spectroscopy is more specific for characterization of radical formation in
FA. In this work, we report the first ultrafast TRIR spectra and dynamics of FA and PCA.
Two fast processes following photoexcitation of FA (2 and 5 ps, respectively) are observed
for FA in high-pH solution (10.0). These processes are assigned to forward and backward
ET between the 4-aminobenzoyl ring and the pterin ring, based on the unique IR signatures
of the respective structures (obtained from comparison to the IR spectra of the component
PCA and PABGA structures). This interpretation is further supported by a Marcus analysis
of the ET rate. A Gibbs free energy calculation for the ET reactions predicts that electron
exchange is favorable in the excited state, providing an efficient mechanism for quenching
of the excited state. The intra-ET model is further supported by concentration and solvent-
dependent measurements in high-pH solution. By contrast, FA does not exhibit excited-state
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ET in low-pH solution (6.0). Instead, the TRIR spectra indicate a long-lived singlet state
localized on the PCA that ultimately converts to a triplet state via intersystem crossing (ISC)
with a concomitant redistribution of the charge on the pterin rings. We rationalize these
results in terms of the changes in the conformation of FA that control the ET transfer rate by
changing the donor—acceptor distance and the coupling energy.

EXPERIMENTAL SECTION

Chemicals

FA (C1gH19N70g, 297%), PCA (C7H5N503, 298.0% HPLC), deuterium oxide (D,0, 99.9
atom %D), potassium deuteroxide (KOD, 40% wt % solution in DO 98+ atom %D), and
deuterium chloride solution (35 wt % in D,0O, 99 atom % D) were received from Sigma-
Aldrich and used without further purification. PABGA (MP Biomedical) and dimethyl
sulfoxide (DMSO, 99.9%, EMD) were used as received. The chemical structures of FA,
PCA, and PABGA are shown in Figure 1.

Fifty millimolar phosphate buffer solution (pH = 7.0) was prepared from potassium
phosphate monobasic (KH,PO4, ACS reagent) and potassium phosphate dibasic (KoHPOy,
ACS reagent) in a 1:1 ratio in D,O. FA was dissolved into 1-2 mL of buffer solution by
adding KOD, and an additional 6 mL of buffer solution was transferred into the 1-2 mL FA
stock solution to produce final concentrations of 5, 10, 20, 60, and 80 mM FA. The
uncorrected (for D,O) pH value of the solution is adjusted to 10 and 6.0 using a pH meter
(Fisher Scientific, Accumet AB15Basic) for the TRIR measurements. It has been established
previously that the pterin ring of FA undergoes protonation of N(3) with a pK, of ~8.3,29
which generates basic and acidic forms accompanied by the keto—enolisomerization of the
carbonyl. Also, the N(5) position in the pterin ring has a protonation transition with a pK; of
~6.6.22 These transitions are also summarized in Figure 2. In summary, FA is expected to
exist in its cationic form at pH 6.0, its neutral form at pH 7.0, and its anionic form at pH
10.0.

For solvent-dependent TRIR measurements, FA was first dissolved into a 50 mM phosphate
buffer solution (pH 7.0), then mixed with DMSO to obtain a 60 mM FA solution in DMSO/
D,0 having 10:0, 8:2, 5:5, 2:8, and 0:10 (v/v) ratios. Concentration-dependent TRIR
measurements of FA were carried out in 80, 60, 20, and 5 mM phosphate buffer solutions.
The pKj, of FA was determined by pH-dependent UV and Fourier transform infrared (FTIR)
measurements of 10 mM FA solutions. In the same way, the pK, of PCA was determined by
pH-dependent UV and FTIR measurements in 10 mM PCA solutions.

Femtosecond TRIR Measurements

Transient infrared absorption spectra are obtained using a femtosecond pump—probe
technique. The TRIR system is described briefly as follows: 800 nm laser pulses (1 kHz
repetition rate, 30 fs pulse width) are generated from a femtosecond Ti:sapphire regenerative
amplifier (Legend Elite, Coherent) seeded by a femtosecond Ti:sapphire mode-locked
oscillator (Mantis, Coherent). The 3.6 W output power from the Legend is split in a 1:1 ratio
and sent into two OPA systems (OPerA Solo, Coherent) that are used to generate UV and IR
laser beams, respectively. The excitation wavelength is 400 nm, directly generated by
doubling the frequency of the 800 nm fundamental in a nonlinear B-barium borate (BBO)
crystal. The 400 nm pump beam is delayed by a computer-controlled translation stage
(Newmark System, Inc.). The IR laser beam generated by a difference frequency mixing the
signal and idler beams from the OPA in a nonlinear crystal (AgGas) is separated into probe
and reference beams by a CaF, beamsplitter (50/50 + 10% R/T, 2-8 um, ISP Optics), then
dispersed in an IR spectrograph and detected with a multichannel infrared focal plane array
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(ImaglIR, HgCdTe, 2-10 um, 128 x 128, Santa Barbara Focalplane). An optical chopper
(3501, New Focus Inc.) is used to modulate the excitation beam at 500 Hz frequency to
obtain light-on and light-off single beam. IR spectra, from which the transient IR absorption
signal is calculated as AA = —log(lon/loff). The relative polarization between the pump and
probe beams is set at the magic angle (54.7°). The 10 mW, 400 nm pump beam is focused
on the sample and overlaps with the IR probe beam, and the data acquisition is achieved
using LabVIEW (National Instruments).

The sample solution is flowed through a demountable liquid flow cell with swagelok fittings
(DSC-S25, Harrick Scientific Product Inc.) using a fluid metering RHSY lab pump
(Scientific Support Inc.). The path length is 80 um for all transient spectra reported here,
which is set by a Teflon spacer between two polished circular CaF, windows (25 x 2 mm,
Koch Crystal Finishing, Inc.).

FT-IR and UV/vis Measurements

FTIR and UV/vis spectra were obtained from aqueous solutions of FA, PCA, and PABGA
using a DIR amalgamated sealed cell (McCarthy Scientific Co.) consisting of two polished
rectangular CaF, windows (38.5 x 19.5 x 4 mm, Koch Crystal Finishing, Inc.) separated by
a Teflon spacer (80 um). Steady-state IR spectra were collected using a Varian 660 FTIR
Spectrometer (1 cm™1 resolution, 256 scans), while steady-state UV/vis spectra were
collected using a Lambda35 spectrophotometer (Perkin-Elmer).

RESULTS AND DISCUSSION
Spectral Characterization of the Ground States of FA, PCA, and PABGA

Figure 3A shows the ground-state IR spectra of FA, PABGA, and PCA at pH 9.6. The FA
spectrum is well modeled as a linear combination of the spectra of the two structural
subcomponents PCA and PABGA. Therefore the IR peaks due to each structural
subcomponent of FA are easily assigned by comparison with the PCA and PABGA spectra.
The peaks at 1593 and 1561 cm™1 in the FTIR spectrum of FA (Figure 3A) are from
PABGA, attributed to the aromatic ring breathing mode (vg,) and vcoo- (asymmetric
stretch).30 Above pH 8.3 (FA in its anionic form, as shown in Figure 2), a band appears
around 1580 cm™1 that we assign to the C4=Nj stretching mode of the pterin ring by
analogy to flavin. Flavin has a heterocyclic ring structure similar to that of pterin and
exhibits a C4;=Nj5 stretching mode at 1578 cm~1.31 The FA peaks at 1542 and 1520 cm™!
(Figure 3A) are from the C=C stretches of the heterocyclic ring and heterocyclic ring
breathing in PCA.32 The peaks at 1608 (FA), 1610 (PABGA), and 1603 (PCA) cm™Lin
Figure 3A are from the C-N stretch of the —C(NH>) group present in each of these
structures.30:33:34 By comparison with the UV spectra of PABGA and PCA in Figure 3B, the
broad band around 365 nm in FA is assigned to the n—n* transition localized on the pterin
ring in FA. The other peaks at 255 and 280 nm are also from x—=* transitions of the pterin
ring,14:3% while the shoulder at 290 nm is related to the =—n* transition localized on the 4-
aminobenzoyl ring of PABGA.3° The peak at 255 nm only appears at high pH (pH > pK, =
8.3), due to deprotonation of N(3) in the anionic form of FA.2°

Distinct differences are observed in the FTIR and UV absorbance when the pH is lowered
from 9.6 (Figure 3C,D). At a pH lower than 8.3,812 the N(3) position of the pterin ring
becomes protonated, which induces a dramatic change in the —N(3)-C(4)- coordinate of the
pterin ring structure (Figure 2), from —;N=C(—OH)- to —-N(H)-C(=0)-. For the neutral
form of FA (data not shown), the peak at 1672 cm™~2 assigned to C,=O0 is broad, which
suggests that this band may be involved in a resonance effect between N(3)H and C4=0. A
further decrease of the pH to 6.2 causes the N(5) position to become protonated (pK, = 6.6;
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Figure 2). A sharp peak at 1667 cm™1 dominates the pH 6.2 spectrum of FA, as shown in
Figure 3C, and appears to be characteristic of the cationic form of the pterin structure.?® If
this band is due to the C4=0 stretch, it is much sharper and shifted to lower frequency
compared to the anionic and neutral forms. A possible reason for these differences is the
formation of a strong hydrogen bond between the pterin keto group and the nearby imine
(C4=0---H-Ns). This interpretation is not consistent with the IR spectra of guanine tetrad
structures, however, in which hydrogen-bonding induces a shift of the carbonyl stretch to
higher frequency.3® The same effect has been observed for guanosine in acidic solution: the
protonation of position 7 in 5’-guanosine monophosphate (5'-GMP) removes electron
density from the pyrimidine ring. The subsequent decoupling of the C=0 stretch from the
solvent through weaker hydrogen bonding leads to a high frequency shift of this mode.3” An
alternative assignment for the sharp band in cationic FA is suggested by the IR spectrum of
adenosine as shown in the Supporting Information (Figures S1 and S2). Neutral adenosine
shows a broad band at 1625 cm™1, while its acidic form exhibits a sharp and strong band at
1668 cm™1 due to protonation (pK, = 3.5) of the heterocyclic ring. By analogy, protonation
of the N(5) position of FA increases the double-bond nature of the C=N ring,38 producing
the sharp IR peak at 1667 cm™1 in Figure 3C due to the C=Nj5 stretch. The shoulder at 1720
cm~1 is assigned to the COOH groups in PABGA, partially protonated as the pH approaches
its pKj, value (4.8), which is confirmed by IR results for PABGA in low-pH solution. The
UV spectra at pH 6.2 (Figure 3D) show no significant differences in comparison with pH 7,
except for a slight peak intensity change around 365 nm.

(). Excited States of FA, PCA, and PABGA—TRIR Results for PCA and FA in Basic
Solution. Figure 4A compares the ground-state (GS) FTIR spectrum and TRIR spectrum (3
ps) of 40 mM PCA at pH 10. The broad negative peak around 1608 cm™1 is due to bleaching
of the —C(NH>)- stretch of the pterin ring. The IR transient monitored near the bleach
maximum at 1608 cm™1 clearly consists of two components (t; = 250 % 20 ps and 1, > 1 ns),
as shown in Figure 4B. We assign the short-lived component (250 ps) to ISC to form the
triplet state of PCA, by comparison to the known fluorescence behavior of PCA.12 The long-
lived component corresponds to decay of the triplet state and perhaps some contribution of
water heating.3?

Figure 4C compares the GS FTIR spectrum with TRIR spectrum (3 ps) of 60 mM FA at pH
10. By analogy to PCA, the broad negative peak around 1608 cm™1 in the TRIR of Figure
AC arises from the —C(NH,) stretch of the pterin ring, while the peak at 1593 cm™1 is from
the aromatic ring of PABGA. The pump wavelength of 400 nm excites the pterin ring
exclusively, since the 4-aminobenzoyl ring of the PABGA moiety does not absorb at this
wavelength. If no further evolution of the system occurs on this time scale (such as ET), the
TRIR spectra of FA and PCA excited at 400 nm should be identical. Comparison of the 3 ps
TRIR spectra of PCA and FA (Figure 4A,C) reveals that they are not the same: FA exhibits
a new peak near 1590 cm™1, corresponding to the vg; mode of the 4-aminobenzoyl ring in
PABGA. The bleach of this PABGA mode indicates a further evolution of the system
following the local excitation of the pterin moiety, consistent with an ET process between
the 4-aminobenzoyl ring of PABGA and the pterin ring of PCA. At first glance, a puzzling
aspect of the TRIR spectrum of FA is the absence of any positive features corresponding to
the ET (radical) state. This absence of any transient absorbance at pH 10 is a consequence of
overlapping excited- and ground-state features, as we demonstrate with the pH-dependent
measurements described below. The lifetimes of the transient IR features provide further
support for an excited state ET. The 1608 cm™! TRIR transients for PCA and FA following
400 nm excitation are compared in Figure 4D. The decay of the PCA singlet excited state
has a lifetime of 250 + 20 ps, due to ISC to the triplet state as discussed previously, while
the decay of the analogous singlet excited state in FA is 2 orders of magnitude faster. Fitting
the TRIR transient for FA (Figure 4D) to an exponential function yields a fast, dominant
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component (5.9 ps) and a minor component with a much longer lifetime (significantly
longer than the time scale of the measurement). We assign the fast component to
intramolecular ET between the 4-aminobenzoyl ring and the pterin ring in FA. Thus, for FA
the excited state localized on the pterin ring is rapidly quenched by intra-ET, in contrast to
PCA where no intra-ET is possible. The long component is likely due to heating of the
solvent, either through the ET relaxation pathway, or through radiationless decay of the FA
excited state (internal conversion, I1C) followed by vibrational relaxation and heat flow from
FA to D,0. D,0 has a broad, temperature-dependent absorbance in this region. Vibrational
relaxation of the electronic excitation energy and thermalization with water can occur within
a few picoseconds, and the water heating results in a bleach of the D,O IR spectrum in this
region that persists for about 1 ms, the time scale for cooling to the surroundings.*? Similar
transient IR signatures have been observed for IC and D,0 heating in related molecules such
as malachite green.!

The TRIR spectrum should reflect the production of the radical species in the charge
separated state (D*A™) following excited-state ET. Figure 5A shows the TRIR spectra of 60
mM FA (pH 9.6) from 1 to 20 ps following excitation with 400 nm light. The TRIR spectra
of FA lack the peak at 1520 cm™1 assigned to a ring stretching mode of PCA (compare the
ground-state spectrum of PCA in Figure 3A). The 1520 cm™1 peak is also absent in the
ground-state IR spectrum of FA at low pH (6.0) as shown in Figure, 3C. Thus, protonation
of N(3) causes the 1520 cm™1 peak to disappear, meaning that this mode is associated with
the pterin ring that contains N(3) and the carbonyl group (the left ring of the structure as
drawn in Figure 2). We conclude that the absence of the peak at 1520 cm™1 in the TRIR
spectrum suggests the formation of an excited-state mainly localized on the right ring of the
pterin. However, the appearance of a band at 1608 cm™1 in the TRIR spectrum, assigned to
the amine substituent, suggests that the excitation is not completely localized on the right
ring.

The time-dependent evolution of the TRIR spectrum in Figure 5A is wavelength dependent,
which is particularly evident at 1608 and 1585 cm™! (positions marked by dashed arrows),
frequencies corresponding to pterin and 4-aminobenzoyl IR bands, respectively. The
temporal profiles at 1608 cm~1 and 1585 cm™! are compared in Figure 5B. Clear differences
exist between the two transients, consistent with their assignment to separate processes. The
bleach of the pterin absorbance at 1608 cm™ occurs with an instrument limited rise of about
200 fs and clearly corresponds to formation of the localized pterin singlet excited state by
the initial excitation, whereas the transient monitored at the 4-aminobenzoyl absorbance at
1585 cm™1 probes intra-ET. Overlap of these features obscures the actual kinetics of the
intra-ET. We obtained the pure time profile for the intra-ET process by subtracting the 1608
cm™1 transient from the 1585 cm™ transient, revealing the rise and decay of the radical
signature (Figure 5B). By using the same method throughout this spectral region, we find
that the transient absorbance of the charge-separated state has a peak around 1577 cm™1. A
weak transient absorbance (100-200 uOD) is observed directly at 1577 cm™1 from 60 mM
FA, without subtraction of the ground state bleach, having the same time profile as shown in
Figure 5B. The 1577 cm™1 feature of the charge-separated state is likely a PABGA radical
mode, based on the strong bands observed in this region for the PABGA radical ground
state. The raw transient at 1577 cm™1 is weak and contains a water heating background,
making it difficult to fit the temporal profile. The subtraction method used to generate the
decay profile at 1585 cm™1 (Figure 5B) removes the water heating background, making it
possible to extract the rise and decay of the radical signal. The fit of this transient to an
exponential rise and decay (Figure 5C) yields a lifetime of 2.0 ps for the forward ET from
pterin to 4-aminobenzoyl, while the backward ET from 4-aminobenzoyl to pterin (recovery
of the ground state) has a lifetime of 5.0 ps. The transient absorbance at 1630 cm™! due to
the pterin can also be used to follow recovery of the pterin ground state. Figure 5D shows
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that the transient at 1630 cm™~1 has a lifetime of 4.4 ps, meaning that recovery of the ground
state occurs with the same lifetime as the backward ET (5.0 ps).

Additional insight into the excited-state dynamics of FA can be obtained by considering the
driving force for ET in the singlet state. Previously, a free energy analysis of nanosecond ET
for the triplet state of FA in DMSO was performed using the Rehm—Weller equation.2? That
calculation predicts a free energy change of —0.75 eV for ET from the 4-aminobenzoyl
donor (Eqy = +0.88) to the triplet state of the pterin acceptor (E,eq = —0.77) in DMSO. The
ultrafast processes probed in our measurements correspond to the dynamics of the singlet
state, therefore we evaluated the energetics of ET in this state using the Rehm-Weller
equation. The redox potentials of PCA in the singlet excited state may be estimated using
the ground-state redox potentials#2:43

E*oszox — Ego (1)

E*redzEred+E00 2)

where Eqx * and E¢q* are the oxidation and reduction potentials of PCA in the excited state,
while Eqy and E,q are the oxidation and reduction potentials of PCA in the ground state. Eqg
is the energy difference between the ground state and the first excited (singlet) state obtained
from the intersection of the normalized absorption and fluorescence emission spectra, which
for PCA is 3.06 eV. The oxidation (Eqx, PCA) and reduction (Eq, PCA) potentials of PCA
in the ground state are +1.31 and —0.86 V, respectively. Thus, the excited state redox
potentials are given by
E* hea=131-3.06=-175V @)

ox,PCA

E* - 0.86+3.06=2.20 V @

red PCA —

The Gibbs free energy change of ET from 4-aminobenzoyl to the singlet excited state of the
pterin of FA can be evaluated using the excited-state redox potentials of PCA and the
ground-state redox potential of PABGA in the Rehm-Weller equation. Therefore, if PCA is
oxidized by PABGA, the change in Gibbs free energy is given by*3

AGyperpca=E -E +AGy (5)

ox,PABGA red, PCA

where AGyg is the coulomb term (the solvation energy of the ion pair D*A~ formed in the ET
reaction). This term approaches zero for strongly polar solvents such as water. Neglecting
AGg and using the ground-state oxidation potential of PABGA (Eox paBca = 0.93 V),
AGpagga-pca = 0.93-2.2 = —1.27 eV. Conversely, if PCA is reduced by PABGA, the
Gibbs free energy change is given by AGpca.pagea = —1.75 - (—0.57) = —-1.18 eV.

Since AGpagga-pca (—1.27 eV) and AGpca-pagca (—1.18 eV) are very close in energy to
one another, and both are spontaneous for ET, both ET processes are possible when PCA is
excited by a 400 nm photon. Furthermore, each one-electron process may be followed by a
second ET that carries the system back to the ground state. If the excited state is rapidly
quenched by such an electron exchange process, it would be difficult to observe the radical
formed by the single ET process. Such a mechanism may explain in part why it is difficult to
observe any new positive absorbances in the TRIR spectra due to radical formation (along
with the problem of overlapping GS and ES contributions), because the charge separated
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state is short-lived. Charge recombination within the two possible radical states (PCA™—
PABGA™ and PCA*-PABGA") is complete within ps.

(2). TRIR Results for FA in Acidic Solution—The electrochemical behavior of
PABGA strongly depends on the pH of the solution due to its amphoteric nature.** With
increasing pH, the oxidation potential of PABGA decreases.** Likewise, the redox behavior
of pterin is sensitive to the pH of the solution, although its pH dependence is different from
that of PABGA.*> Thus the redox potentials of both the ET donor and acceptor can be tuned
to a different extent by changing the pH of the solution. If the relative driving force for the
forward and reverse ET reactions is altered by the pH, it may be possible to increase the
lifetime of the radical intermediate, making it easier to detect. Therefore, we carried out pH-
dependent measurements to probe its effect on the ET dynamics in the excited state. What
we found was perhaps even more interesting: lowering the pH completely inhibits the ET
reaction, producing only a localized excitation on the pterin. We show below that the initial
singlet excited state undergoes ISC to the triplet state, which has a very different charge
distribution on the pterin moiety, making it possible to clearly distinguish this transition.

Figure 6A compares the FTIR and TRIR (2 ps) spectra of 5 mM FA at pH 5.8. The low-pH
TRIR spectrum is remarkably different compared to the high-pH TRIR spectrum (Figure
5A). There are two bleach features at 1610 and 1680 cm™1, which by comparison to the GS
FTIR spectrum of FA (Figure 6A) and the assignments detailed above, are due to —N-
(NH>)- and carbonyl stretching modes, respectively. Both of these groups are part of the left
ring of the pterin moiety. None of the GS features of the 4-aminobenzoyl are observed as
bleaches, and no new absorbances attributable to the 4-aminobenzoyl are observed in the
TRIR spectrum at pH 5.8, meaning that this part of the structure is not involved in the initial
excitation or subsequent dynamics. We conclude that excited state ET does not occur in FA
at low pH. The strong transient absorbance that appears at 1587 cm™1 is attributed to the
pterin. Despite the localization of the initial excitation on the pterin moiety, not all of the GS
features attributed to it appear as bleaches in the TRIR spectrum. Most prominently, the
sharp band at 1667 cm™1 is absent in the TRIR spectrum. As noted above, this band is
unique to the cationic form of FA and is due to the C=N stretch of the right ring of the pterin
(lacking the carbonyl) that appears upon protonation of N(5). The absence of this band, and
the dominant contribution of the -N(NH>)— and carbonyl stretching modes in the TRIR
spectrum suggests that the excited-state charge is localized on the left ring of the pterin.

The evolution of the pH 5.8 TRIR spectrum, shown in Figure 6B, indicates that there are
multiple processes following 400 nm excitation. The initial excitation produces a bleach of
the broad band at 1680 cm™1, attributed to the pterin carbonyl stretch, as indicated by the
dashed line in Figure 6B. This bleach relaxes with a lifetime of about 220 ps, accompanied
by decay of the excited-state absorbance at 1587 and 1549 cm™~1. After 400 ps, the band at
1680 cm™! has disappeared, while a weak bleach appears at 1667 cm~? as indicated by the
arrow in Figure 6B. This feature is due to the sharp band produced by protonation of N(5)
that is assigned to the C=N stretch of the ring containing N(5). The intensity of the bleach at
1667 cm™ increases as the broad bleach at 1680 cm™! decreases. This transition between
the 1680 and 1667 cm~1 bleaches indicates that following the initial absorbance, the
excitation remains localized on the pterin moiety, but that the charge distribution between
the two rings of the pterin evolves with time. The IR transients monitored at 1587, 1610,
1667, and 1680 cm™1 are compared in Figure 6C. All of these transients exhibit a fast decay
(7 ps), which at first glance might seem to be consistent with the reverse ET rate observed at
high pH. But none of the other indicators of ET are observed, particularly the IR features
due to the reduction of the 4-aminobenzoyl structure. This 7 ps decay also shows a strong
concentration dependence as shown below, and thus we assign it to the presence of a small
fraction of FA dimers having a stacked geometry of the pterin rings that results in rapid
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quenching of the excited state. In addition to the fast phase, slower relaxations are observed
at most of the probe frequencies, with lifetimes of 220 ps and 2 ns. We assign the slow
relaxation (220 ps) to ISC from the singlet to the triplet state of pterin, while the 2 ns process
represents the return to the ground state. The 220 ps rise time is also consistent with the time
scale observed for the reorganization of the excited-state charge distribution sensed by the
relaxation of the carbonyl bleach at 1680 cm™ and the growth of the C=N bleach at 1667
cm~L. We conclude that the singlet and triplet excited states of pterin have very different
charge distributions. In support of this interpretation, we note that the pH-dependent
fluorescence quenching of pyrene by nucleic bases has been attributed to a charge transfer
process that is mediated by pH.46

Why is the ET reaction not observed at low pH? A clue is provided by the changes in the
UV-vis absorbance spectra (Figure 3B,D) induced by lowering the pH. The pH-dependent
spectra clearly show a shift in energy of the lowest energy band near 365 nm with pH
(Figure S3). This band is assigned to a n—=n* transition localized on the pterin ring in FA.
The shift is to higher energy with decreasing pH, as expected for conversion to the open
form of FA, which results in a diminished interaction between the n systems of the pterin
and 4-aminobenzayl rings. Thus it is possible that FA adopts a more open conformation at
low pH (6.0), which slows the ET reaction. It is also possible that the increased oxidation
potential of the PABGA at low pH contributes to the slower ET rate. The combined effect of
these changes is that ISC to the triplet state becomes the dominant process at low pH.
Further support for this conclusion is provided by the fluorescence quantum yield of cationic
FA, which is greater than that for the neutral and anionic forms of FA.12 Since the excited
state is rapidly quenched by ET for the anionic form but not for the cationic form, a higher
quantum yield of ISC and triplet emission is observed for the latter case. Finally, our
interpretation is consistent with previous investigations by Penzkofer of the fluorescence
quenching behavior of FA as a function of solution conditions.!! Different fluorescence
quenching mechanisms were proposed for the different ionic forms: photophysical
nonradiative relaxation for cationic FA, and photoinduced intramolecular ET for neutral and
anionic FA.

(3). Dimerization of FA in Acidic and Basic Solution—The concentration-dependent
dimerization of FA in basic and neutral solutions has been investigated by NMR
spectroscopy.#’ This study found that the critical concentration for dimerization is different
for the basic (340 mM) and neutral (19.4 mM) forms of FA.#7 In order to understand the
differences in the photophysics and photochemistry between monomer and dimer, we
carried out concentration-dependent measurements over the range of 5-60 mM FA. The
concentration-dependent TRIR transients at 1610 cm™ are compared in Figure 7A (pH 6.0)
and B (pH 10.0). A strong concentration dependence is observed in pH 6.0 solution, with a
fast decay (13 ps) observed at 20 and 60 mM, a slow decay observed at 5 mM, and both
components observed for the intermediate case (10 mM). The break in behavior occurs
exactly where the transition between monomer and dimer is observed in the NMR
experiments. Thus we conclude that the short lifetime is associated with dimer formation,
due to ring stacking. As a control experiment, we investigated similar dimer formation
between PCA and tryptophan in aqueous solution. When tryptophan is introduced into PCA
solution in a 1:1 ratio, the TRIR spectrum of PCA shows a fast relaxation of 5.6 ps,
compared to the several hundred picosecond relaxation observed for PCA alone. Clearly the
formation of a dimer with a stacked ring-ring interaction greatly shortens the lifetime of the
pterin singlet excited state.

In high-pH solution (pH 10.0), FA is present as a monomer in the concentration range of 5—
60 mM, since the critical concentration for dimer formation is 340 mM based on the NMR
results. As expected, we observe no dependence of the IR transients on concentration in this
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range, as shown in Figure 7B. The fast (7 ps) decay observed in this case is due to ET to the
4-aminobenzoyl, as discussed above.

ET Rates Predicted by Marcus Theory

A theoretical analysis provides additional support for an ET process as the mechanism of
quenching of the local excited state of FA. We have modeled the rate of ET, kg, derived
from the TRIR measurements using the well-known semiclassical Marcus theory of ET as
follows:48-50

2
2nH o~(AGHA(r) 44k T

k= ——
" h ARk, T

e2

AG= — hu+(ED - EB ) - pr——
S

2 1 1 1 1 1
ol
drmeo \&op &) \2r, 2r, r

H is the electronic coupling energy of the donor and acceptor, kg is Boltzmann’s constant (J
K1), T is the temperature (300 K), h is Planck’s constant (6.626076 x 10734J s), and G is
the Gibbs free energy change for the ET. The Gibbs free energy change depends on the
reduction potential of the acceptor (E,eq), the oxidation potential of the donor (Eoy), the
electronic charge (e), the vacuum permittivity (gg), and the static dielectric constant of the
solvent (water, g5 = 77.56). The reorganization energy A(r) is expressed in terms of the
radius of the acceptor (ra) and donor (rp), the distance between the donor and acceptor (r),
and the optical dielectric constant (gop = 1.33).

We have calculated the rate of ET from PABGA to the pterin ring, using an estimate of the
coupling energy between the donor and acceptor and the redox potentials of the donor
(+0.93 V) and acceptor (—0.86 V). The reorganization energy is calculated using the radii of
the donor and acceptor of 4 and 2.5 A, respectively, from the energy minimized structure of
FA. We estimate the coupling energy H by comparison to a series of noncovalently bonded
aromatic donor—acceptor systems that are hydrogen bonded in polar and nonpolar solvents.
The coupling energy for these DA pairs has been evaluated by measuring the photoinduced
ET.*8 The coupling energy deduced from these experiments depends on the polarity of the
solvent, increasing from 5 cm™1 in CHCI3 to 60 cm™1 in toluene.*® Using an initial estimate
of 60 cm™1 for the 4-aminobenzoyl/pterin coupling energy, the excited-state energy of 3.06
eV, the distance r between the donor and acceptor of 5.6 A (measured from the energy
minimized structure), and the Gibbs free energy change for the ET, AG = -1.3 eV, we
calculate an ET lifetime of 16 ps at 300 K. Since the donor and acceptor of FA are
covalently bonded, and since the solvent is water, a more realistic coupling energy H is 150
cm™1, yielding an ET lifetime of 2.5 ps, close to the observed lifetime of 2.1 ps. The close
agreement between predicted and observed ET rates provides strong support for our model
of the excited-state dynamics, as summarized in Figure 8.

The other possible reaction following formation of the local pterin excited state is ET from
the pterin to the 4-aminobenzoyl. We have already shown that the driving force (AG) is
nearly identical for each of the two possible ET reactions (—1.27 eV and —1.18 eV). Since
all of the other parameters of the Marcus relationship remain the same, the two possible
excited-state ETs should have essentially the same rate. Therefore, both ET states will be
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almost equally populated via ET reactions from the local excited state of the pterin, as
shown in Figure 8. Finally, return to the ground state from each of these ET states requires
the reverse ET reaction. The Marcus relation predicts that these reactions will also be very
fast, and on the same order of magnitude as the forward ET reactions, because the driving
forces are similar. This prediction is validated by the TRIR data. The IR transient assigned
to the charge separated state (Figure 5C) shows a nearly equivalent rise of 2.0 ps and decay
of 5.0 ps, reflecting the close correspondence of the formation (forward ET from local
excited state) and decay (reverse ET back to ground state) rates.

Two models have been proposed to explain excited-state ET reactions of FA, as reviewed in
the Introduction, involving either intra-ET or inter-ET. Collisions between excited states of
FA molecules are required for inter-ET. At the low concentrations used in our experiments,
collisions of FA molecules in the short-lived singlet excited state are improbable. Such
collisions are only likely for the long-lived triplet state, unless the molecules are already in
contact in the GS through association of the aromatic groups. We have already demonstrated
through TRIR measurements that ET from the singlet excited state is ultrafast.

(1). Concentration Dependence—If the ET reaction is between different FA molecules,
this inter-ET will be concentration dependent. We have already demonstrated that the
excited-state dynamics of FA are concentration dependent at low pH due to dimerization
(Figure 7A). However, at low pH, no ET is observed for either the monomer or dimer. At
low concentration (monomers), the singlet excited state decays by ISC to the triplet state on
a time scale of hundreds of picoseconds, but no ET is observed during this time. At higher
concentration (dimers), the lifetime is shortened due to stacking of the pterin rings, but again
no ET is observed. By contrast, at high pH (10.0), we do observe ET for FA concentrations
in the range from 5 to 60 mM. In this case, the TRIR transients are indistinguishable, as
shown in Figure 7B. Since the NMR study cited previously demonstrates that dimers do not
form at high pH until the concentration is much higher, the absence of a concentration
dependence of the dynamics is not surprising. There is also no change in the electronic
absorbance spectrum over this range, and down to much lower concentrations, which
supports the conclusion that FA is monomeric over this concentration range. Taken together,
the high pH results are not consistent with inter-ET, but instead support intra-ET in
monomeric FA molecules.

(2). Solvent Dependence—We also investigated the solvent dependence of the ET
reaction at high pH (>9.0) in mixtures of DMSO and water at a constant FA concentration of
60 mM as shown in the Supporting Information (Figure S4). The observed lifetimes for the
rise and decay of the ET signatures in the TRIR spectra depend strongly on the amount of
DMSO in water, ranging from 131 ps in mostly DMSO to 2 ps in pure water. Thus, the rate
of ET slows with added DMSO, despite having a constant FA concentration. The rate of
inter-ET should not change with constant FA concentration, again supporting intra-ET as the
primary mechanism. There are two likely origins of slower intra-ET in DMSO:water
mixtures. Addition of DMSO to the solution lowers the dielectric of the medium, which is
predicted to slow the ET, although by less than 20% over the range studied. The second
possibility is that adding DMSO perturbs the conformation of FA, leading to a change in the
intra-ET rate. Support for this interpretation is found in comparison of our results with
studies of intra-ET in flavin adenine dinucleotide (FAD) in DMSO:water mixtures.>! In
water, FAD has a “U” shape that brings the adenine and isoalloxazine rings close to one
another. The close interaction of the two ring structures facilitates intra-ET from the adenine
to the isoalloxazine. With the addition of DMSO to the solution, FAD adopts an “open”
conformation that reduces the intra-ET rate, because of the increased distance between
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donor and acceptor. Our results are consistent with a “U” shaped conformation of FA in
water, supporting fast ET. We propose that with the addition of DMSO to the solution, FA
adopts the “open” conformation, increasing the distance between the 4-aminobenzoyl and
pterin structures, thus slowing the intra-ET reactions. The slower ET rate cannot be fully
rationalized, however, in terms of the increased donor—acceptor distance alone. The
maximum donor—acceptor distance expected for the fully open conformation is 7 A. The ET
lifetime calculated from the Marcus relationship using r = 7 A and H = 150 cm ™1 is 43 ps,
significantly faster than what is observed for high DMSO:water ratios (131 ps for a ratio of
4:1). We have already noted that in the closed conformation there is direct overlap of the ©
systems for the donor and acceptor rings, which is expected to increase the coupling energy.
We conclude that this =—x interaction is diminished or lost in the open conformation,
reducing the coupling energy and thus further reducing the ET rate.

CONCLUSIONS

We have carried out pH-dependent, ultrafast TRIR measurements to understand the excited-
state ET reactions of FA in its cationic and anionic forms. In its anionic form at pH 10.0, the
TRIR spectra are consistent with fast ET between the pterin and the 4-aminobenzoyl
subunits. The IR assignments are supported by analysis of the FTIR spectra of the individual
subcomponents of FA, allowing separate identification of vibrational modes belonging to
the pterin (PCA) and the 4-aminobenzoyl (PABGA). Thus, the transient IR spectra provide
clear evidence for the excited-state transfer of an electron between the pterin and the 4-
aminobenzoyl. The driving force for the ET reaction in either direction is almost identical,
and therefore both reactions are nearly equally likely (Figure 8). Using Marcus theory and a
reasonable estimate of the donor—acceptor coupling energy (150 cm™1), we calculate an ET
lifetime of 2.5 ps, in close agreement with the observed lifetime of 2.0 ps. Finally, return to
the ground state from each of these ET states requires the reverse ET reaction, which
happens almost as rapidly, within 5 ps. The rapid ET reactions depend on close interaction
between donor and acceptor, supporting the adoption of a “U” conformation of FA in high
pH solution. Upon addition of DMSO, ET becomes more unfavorable, suggesting that FA
adopts a more open conformation in the mixed solvent. These data support a model in which
the ET occurs directly from the = systems of the donor and acceptor rings, and not through
the sigma bonds between the rings.

The cationic form of FA at low pH exhibits very different behavior. No ET is observed for
this form of FA, yielding much longer lifetime of the singlet excited state. Low pH likely
induces a conformational change in FA to the open form, in which the distance and coupling
energy are unfavorable for ET. This conformational change causes the lowest energy
absorbance in the UV-vis spectrum (a local excited state of the pterin) to shift to higher
energy, consistent with the loss of the ring—ring interaction present in the closed
conformation. Thus the initial singlet excited state remains localized on the pterin moiety of
FA, and the excited-state charge distribution evolves with time. Furthermore, the TRIR
spectra indicate that the initial excited state is localized on the pterin ring containing the
carbonyl substituent, but ISC to the triplet state produces a different charge distribution,
resulting in a very different transient IR spectrum. At higher concentrations (>10 mM), we
observe rapid quenching of the excited state due to the formation of FA dimers having a
stacking interaction between rings.

Finally, ultrafast intramolecular ET quenches the singlet excited state of FA and prevents
further excited-state reactions. By contrast, conformations for which intra-ET is inhibited
have more efficient ISC to the long-lived triplet state that is more likely to undergo
photochemistry or to generate singlet O,. Formation of the triplet state is crucial to the
photodegradation and subsequent toxicity of FA. Therefore, conformations of FA that allow
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ultrafast intra-ET and rapid quenching of the singlet excited state play a key role in
preventing pathological pathways following photoexcitation of FA.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Chemical structure of FA (a), PCA (b), and PABGA (c).
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Schematic for the acid—base equilibria of FA.
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FTIR (A,C) and UV-vis (B,D) absorbance spectra. Comparison of 10 mM FA, 10 mM
PABGA, and 10 mM PCA at pH 9.6 (A,B) and pH 6.2 (C,D). Spectra are offset for clarity.
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FA at pH 9.6 (60 mM): (A) TRIR spectra of FA (pH 9.6) with increasing time as indicated
in the figure between 1.7 and 20 ps; (B) transient IR at 1608 cm™2, 1585 cm~1 and
difference of 1585-1608 cm™~1; (C) double exponential fit of IR difference (1585-1608

cm™1) transient; (D) single exponential fit of decay at 1630 cm™1.
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Figure 6.

FA at pH 5.8 (6 mM): (A) comparison of FTIR and TRIR spectra; (B) time evolution of the
transient IR spectra; (C) selected IR transients. The IR transient at 1667 cm™~1 has been
multiplied by 2x for clarity.
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Figure 7.
Concentration dependence of IR transients obtained for FA concentrations of 5, 10, 20, and
60 mM at pH 6.0 (A) and pH 10.0 (B).
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Figure 8.
Energy scheme of FA in basic solution (pH 10) excited at 400 nm.
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