
J.  Phys. Chem. 1994, 98, 6023-6029 6023 

Near-Infrared Resonance Raman Spectroscopy of the Special Pair and the Accessory 
Bacteriochlorophylls in Photosynthetic Reaction Centers 

Nerine J. Cherepy,? Andrew P. Shreve,t Laura J. Moore,* Stefan FranzenP Steven G. Boxer,*$* and 
Richard A. Mathies'vt 
Department of Chemistry, University of California, Berkeley, California 94720, and Department of Chemistry, 
Stanford University, Stanford, California 94305 

Received: December 14, 1993; In Final Form: April 5,  1994' 

Rapid-flow resonance Raman spectra of the primary electron donor (a bacteriochlorophyll dimer known as P) 
and of the monomeric accessory bacteriochlorophylls (B) in the bacterial photosynthetic reaction center of Rb. 
spkaeroides have been obtained a t  5 O C .  The spectra were obtained using a shifted excitation Raman difference 
technique with excitation a t  850 nm for the P spectrum and 800 nm for the B spectrum. Raman bands a t  187, 
204,332,564,684,730, 899, and 1163 cm-l are  found in common in the P and B spectra, while unique modes 
appear in the low-frequency region of the special pair a t  34,71,95,128,  and 484 cm-l. The remaining strongly 
Raman-active monomer modes a t  353,385,621,761,1010,1114, and 1132 cm-l were not detected in the dimer 
spectrum. No substantial resonance Raman activity is observed above 1200 cm-I for either chromophore, 
indicating that high-frequency modes are not strongly coupled to the optical excitation in the Qy absorptions 
of B or P. The Raman spectrum shows that the electronic excitation of P is coupled to at  least 14 vibrational 
degrees of freedom, including low-frequency modes a t  34, 71,95,  and 128 cm-l. The Raman scattering cross 
sections for the modes of B are  approximately an order of magnitude larger than those for analogous modes 
of P. This difference suggests that the excited electronic state of P is damped by rapid vibronic relaxation 
processes that are  not present in B. The complete analysis of these resonance Raman results will lead to the 
development of specific multimode models for the excited-state structural dynamics and relaxation of the 
chromophores in reaction centers. 

Introduction 

The photosynthetic reaction center (RC)' is a pigment-protein 
complex that mediates a highly efficient light-driven electron- 
transfer reaction (for recent reviews see refs 2-5). In the bacterial 
reaction center of Rb. spkaeroides, charge separation from the 
lowest-energy excited singlet state of a strongly interacting pair 
of bacteriochlorophyll, (Bchl,) molecules, called the special pair 
(P), to a bacteriopheophytin occurs within 3 ps at room 
temperature. To understand the rapid and efficient photochem- 
istry of RCs, a complete description of the excited-state properties 
of the primary electron donor, P, and of the other pigments in 
this complex is needed. 

The lowest-energy, near-infrared absorption bands of the RC 
result from the Qy electronic transitions of the special pair, two 
monomeric Bchl molecules (B), and two bacteriopheophytin 
molecules. For RCs isolated from Rb. sphaeroides, the near- 
infrared absorption spectrum at room temperature contains three 
distinct peaks at about 860, 800, and 760 nm. The 860-nm 
transition, due to P, is assigned to the lower-energy member of 
a pair of excitonic dimer states. The absorption feature at 800 
nm is due to the two monomeric Bchl molecules, although weak 
absorption of the upper excitonic state of P might also 
contribute."* The 760-nm transition is mostly due to the 
bacteriopheophytins. 

A number of techniques have been used to study the excited- 
state relaxation rates and geometry changes of B and P. Low- 
temperature hole-burning spectroscopy produces a relatively small, 
sharp feature in the P absorption band, accompanied by a strong, 
broad suggesting that the absorption spectrum of 
P is broadened by unresolved vibrational progressions, including 
those from highly-displaced low-frequency modes. In contrast, 
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the Qy transitions of monomeric Bchl, chlorophyll in solution, 
and presumably B in the RC are characterized by small ground- 
to-excited-state nuclear di~p1acements.l~ Stark spectroscopy has 
revealed that the excited state of P has both a large permanent 
dipole (about 3 times that of monomeric Bchl) and a large 
polarizability.ls-l* The excited state of B is neither very dipolar 
nor polarizable, in agreement with the excited-state properties of 
monomeric Bchl in glasses.16J7 Both the large nuclear displace- 
mentsand the big changein electrostatic propertiesuponexcitation 
are consistent with the presence of charge-transfer character in 
the excited state of P.5J9 In addition to these experiments, time- 
resolved spectroscopy has established that excitation of P leads 
to charge separation on the picosecond time s ~ a l e , ~ ~ ~ 5  while 
excitation of B leads to an ultrafast (=lo0 fs) energy transfer 
from the excited state of B to the excited state of P.zl,zs 

Resonance Raman vibrational spectroscopy and Raman 
intensity analysis are powerful methods for obtaining multimode 
information about excited-state structure and dynamics.26-30 The 
modes that appear in a resonance Raman spectrum are those that 
are coupled to the resonant electronic transition, and the intensity 
of the Raman scattering reflects both the strength of this coupling 
and the dynamics that occur in the excited electronic state. A 
self-consistent modeling of the absorption spectrum and the 
excitation-wavelength-dependent resonance Raman cross sections 
for RCs could be used to develop a multidimensional excited- 
state potential energy surface and a description of the electronic- 
state relaxation rates, as has been demonstrated for other 
photobiological systems.*6-** 

In an earlier report, we demonstrated that shifted excitation 
Raman difference spectroscopy can be used to obtain resonance 
Raman spectra of RCs using resonant near-infrared excitation, 
even in the presence of the' background f l u o r e ~ c e n c e . ~ ~ , ~ ~  Here, 
we present more complete and higher signal-to-noise resonance 
Raman spectra obtained using excitation on resonance with the 
Q, transitions of both Band P. Comparison of the Raman spectra 
of B and P reveals differences in the modes that are coupled to 
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their electronic excitations. We have also quantified the scattering 
strength at  each excitation wavelength by using an internal 
scattering standard. The intensity of the Raman scattering from 
P is much weaker than that from B, reflecting differences in 
excited-state structural relaxation or dephasing in these two 
chromophores. These results provide new information for 
understanding the unique properties of the special pair, and they 
provide multimode information that will aid in the interpretation 
of other vibronic spectroscopies such as hole burning or the 
oscillations that have recently been reported in femtosecond time- 
resolved absorption spectra of RCs.24,33 

Experimental Section 
QA-containing RCs were isolated from the R-26 mutant of Rb. 

sphaeroides as described previo~s ly .3~ .~~ They were suspended 
in buffered detergent solution (0.025% LDAO, 10 mM TRIS, 
pH 8) or in a 1 / 1 (v/v) mixture of buffered detergent and ethylene 

Ethylene glycol was used as an internal Raman intensity 
standard. Raman scattering from the 864-cm-I mode of ethylene 
glycol can be observed when the R C  concentration is reduced 
enough to compensate for the resonance enhancement of the R C  
scattering. For quantitative work, the intensity of the strong 
730-cm-I R C  mode was obtained relative to that of the 864-cm-' 
ethylene glycol mode using a low concentration solution of RCs 
(ODSW r. 0.07/cm for 800-nm excitation and O D ~ W  - 0.7/cm 
for 850-nm excitation) where the two modes have nearly equal 
intensity. The full spectra were then obtained separately using 
more concentrated solutions (OD - 3.O/cm at the excitation 
wavelength) without ethylene glycol. Excitation powers (at 850 
nm) were typically 5 mW for measuring the full spectrum and 
2 mW for measuring the relative intensities with the 50% ethylene 
glycol solution. 

The laser excitation and collection of scattered light were 
performed as described previously,3i except for the use of a 
cylindrical rather than a spherical lens to focus the incident laser 
beam on a rapidly flowing solution of RCs. Raman spectra were 
recorded with a cryogenically-cooled CCD detector (LN/CCD- 
1 152, Princeton Instruments) coupled to a subtractive-dispersion, 
double spectrograph36 equipped with one 600 groove/" grating 
and one 1200 groove/" grating, both blazed at  750 nm (10- 
cm-' entrance slit). All spectra werecorrected for the wavelength 
dependence of the detection efficiency by use of a standard lamp. 
The enhanced signal-to-noise in comparison with our previous 
results3I is due mostly to the change to a cylindrical focusing 
geometry, which increases the excitation (and scattering) volume 
for a fixed photoalteration ~ a r a m e t e r . ~ '  Furthermore, significant 
noise in excess of the shot-noise limit in the 1000-1300-~m-~ 
region for 850-nm excitation has been eliminated by attaching 
a N2 purge to the spectrograph to eliminate water absorption 
interference.38 

The experimental conditions used to obtain the rapid-flow 
spectrum of P were chosen to minimize photoalteration effects. 
Spectra were obtained with a cylindrically focused beam il- 
luminating an area of approximately 5 X 10-4 cm2 (1 mm x 50 
pm). Assuming a rectangular beam profile, the average fraction 
of molecules in the illuminated volume,f, that have absorbed a 
photon that leads to photochemistry is given by 

glycol. 

where F, the photoalteration parameter, is the probability that 
any single R C  was excited after passage through the beam.37 
Here F = 2303e+P/(NAau), where e is the molar extinction 
coefficient (e = 110 000 at  850 nm), O is the photochemical 
quantum yield, a is the beam dimension perpendicular to the flow 
direction, u is the linear flow velocity, and NA is Avogadro's 
number. Since this equation assumes that the bleaching recovery 
is slow compared to the transit time through the beam, an 
assumption that may not be valid for RCs, this calculation will, 

if anything, overestimate the effect of bleaching on the resonance 
Raman spectrum. Assuming a quantum yield of unity and using 
a flow velocity of 200 cm/s, we calculate that f = 0.20 for the 
5-mW full spectra and 0.09 for the 2-mW spectra. In addition, 
the value off was determined empirically from a fit of eq 1 to 
both the Raman and fluorescence saturation data. Raman and 
R C  fluorescence intensities were measured with incident laser 
powers ranging from 0.20 to 19 mW. The best fit to eq 1 for both 
sets of data yielded F = 0.15P, where P is in milliwatts. This 
analysis gives f = 0.29 at  5 mW and f = 0.14 at  2 mW, in good 
agreement with the calculated values considering the simplicity 
of the model and the uncertainty of the input parameters. Powers 
of 2 mW (f= 0.14) were used in the determination of the relative 
scattering cross sections, producing a -7% decrease of the R C  
scattering intensity due to photochemical bleaching.37 To obtain 
full spectra with high signal-to-noise, 5-mW excitation power at  
850 nm was used, leading to a 20% decrease in the observed 
signal. This bleaching will not affect the determination of the 
full spectrum unless a photochemical product exhibits significant 
Raman scattering. Two observations indicate that this is unlikely. 
First, time-resolved absorption studies show that once P+ is formed 
there is no appreciable absorption in the 820-900-nm region. 
Second, experiments in both the low-frequency and mid-frequency 
region reveal no detectable signal for 850-nm excitation when P 
is chemically oxidized to P+.3l 

As in our previous w ~ r k , ~ ~ , ~ ~  we found it advantageous to use 
a shifted excitation Raman difference technique to identify R C  
Raman bands in the presence of the intrinsic fluorescence 
background (Or - 4 X lW).4i In this technique, two emission 
spectra are obtained with the excitation laser frequency shifted 
by 10 cm-I relative to one another, but with all other experimental 
conditions identical. These spectra are then subtracted to yield 
a shifted excitation Raman difference spectrum. In all reported 
spectra, the difference spectrum is the shifted minus the unshifted 
excitation spectrum, and the x axis corresponds to the spectral 
axis for the unshifted excitation frequency. Derivative-like 
features, corresponding to Raman lines, are then fit to a model 
which assumes that the Raman spectrum is a difference of 
Gaussian peaks. The amplitude, position, and width of each peak 
are determined in a nonlinear least-squares fit, and these 
parameters are then used to generate the Gaussian peaks shown 
in the simulated Raman spectrum. Our previous work has 
demonstrated the accuracy of this method, by presenting directly 
detected spectra (acquired with extended accumulation times) 
that match spectra simulated from the difference ~pectra .~lJ2 

Results 

The resonance Raman spectra obtained with excitation at  800 
nm (resonant with B) and with excitation at  850 nm (resonant 
with P) are shown in Figures 1 and 2, respectively. The comparison 
of the 730-cm-l R C  mode and the 864-cm-I ethylene glycol 
standard mode is presented for 800- and 850-nm excitation in 
Figure 3, A and B, respectively. Three key results are evident. 
First, a comparison of Figures 1 and 2 demonstrates that the 
spectra excited resonantly with B and Pare qualitatively different, 
displaying significantly different modes and intensity patterns. 
Table 1 lists experimental mode frequencies and relative intensi- 
ties. In particular, the 30-1 50-cm-1 regions of the spectra are 
very different, with four strong modes present in the P spectrum 
and none in the B spectrum. All the Raman lines reported 
p r e v i ~ u s l y ~ ~  are observed, along with a few smaller peaks that 
can now be identified with the improved signal-to-noise. Rela- 
tively weak P modes at  484, 564, 585, and 1163 cm-' can now 
be resolved, and a full B spectrum is presented for the first time. 

The second result is that resonance Raman scattering from the 
monomers (800-nm excitation) is significantly stronger than that 
from the special pair (850-nm excitation). For example, the 
absolute intensity of the 730-cm-1 mode with 800-nm excitation 
is approximately 10 times larger than the 730-cm-I mode with 
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Figure 1. Shifted excitation Raman difference spectrum of B using 800- 
nm excitation (T  = 278 K, P = 5 mW). The middle trace shows the 
intensity-corrected Raman difference data, the bottom trace is the fit to 
the difference data, and the top trace is the spectrum generated from the 
fit. Some structure in the high-frequency region is reproducible but too 
weak to be fit reliably. 
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Figure 2. Shifted excitation Raman difference spectrum of P using 850- 
nm excitation (T  = 278 K, P = 5 mW). The middle trace shows the 
intensity-corrected Raman difference data, the bottom trace is the fit to 
the difference data, and the top trace is the spectrum generated from the 
fit. 
850-nm excitation. This result is evident from the data shown 
in Figure 3, where comparable intensities of the 730-cm-1 RC 
mode relative to the ethylene glycol mode are obtained using a 
7.8 times more concentrated sample for excitation in P than for 
excitation in B. Independent experiments on several different 
samples were averaged, giving a ratio of the cross section of the 
730-cm-l mode to the ethylene glycol mode of (17 f 6) X 106 
at 800 nm and (2.2 f 0.6) X 106at 850 nm. Accounting for the 
wavelength dependence of the ethylene glycol cross section, the 
730-cm-I mode is about 10 times stronger in B than in P. 
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Figure 3. Mid-frequency Raman spectra of RCs in a 50% v/v mixture 
of buffer and ethylene glycol. For each panel, the middle trace shows 
the Raman difference data, the bottom trace is the fit to the difference 
data, and the top trace is the spectrum generated from the fit. The 
ethylene glycol peakisobservedat 864cm-I in both panels. (A) Spectrum 
of B obtained with 2.5 mW at 800 nm. The sample absorbance at 800 
nm is 0.072/cm. The ratio of peak areas for the RC mode near 730 cm-l 
and the ethylene glycol is 0.53, and the relative cross section is 21 X 106. 
(B) Spectrum of P obtained with 1.4 mW at 850-nm excitation. The 
sample absorbance at 800 nm is 0.56/cm (7.8 times that used in (A)). 
The ratio of peak areas for the RC mode near 730 cm-I and the ethylene 
glycol mode is 0.48, and the relative cross section is 2.7 X lo6. For these 
data, after correction for the difference in concentrations and the 
wavelength dependence of the ethylene glycol cross section, the cross 
section of the 730-cm-1 mode is 10 times stronger for excitation at 800 
nm than for excitation at 850 nm. 

TABLE 1: Frequencies and Intensities of Resonance Raman 
Bands of P and B 

P B 
Y, cm-1 intensity’ v,  cm-1 intensity 

34 0.22 
71 0.12 
95 0.36 

128 1 .os 
187 0.17 177 1.43 
204 , 0.38 212 1.35 
332 0.61 332 0.64 

353 0.48 
385 0.71 

484 0.16 
564 0.16 569 0.40 
585 0.16 

62 1 0.17 
684 0.23 682 0.27 
730 1 .o 73 1 1 .o 

761 0.14 
899 0.63 891 0.61 

1010 0.40 
1114 0.15 
1132 0.17 

1163 0.23 1162 0.72 
Intensities are relative to the 730-cm-I mode. 

A third important observation is the lack of intense modes in 
the 1200-1700-~m-~ region with excitation resonant with the Q, 
transitions of both B and P (Figures 1 and 2). It has been suggested 
that this observation is due to the low efficiency of front- 
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transition.4346 Vibrational frequencies observed in a resonance 
Raman spectrum are the ground-state frequencies of nuclear 
motions that are coupled to the resonant electronic transition. 
Thus, modes observed in the resonance Raman spectrum give 
direct information about the nuclear coordinates along which the 
molecule distorts upon electronic excitation. Scattering cross 
sections give information on the magnitude of displacement of 
the modes in the excited electronic state as well as the electronic 
dephasing time. Quantitative analysis of the intensities of the 
Raman bands and mode assignments can provide a detailed picture 
of the nuclear distortions and relaxation occurring after electronic 
excitation. 

We will begin our resonance Raman analysis of RCs by 
comparing the vibrational modes of B and P. Then these results 
are discussed in the context of previous spectroscopic studies of 
monomeric Bchl, B, and P. Finally, the relationship between 
excited-state dynamics and the resonance Raman cross sections 
of B and P is explored. 

Resonance Raman Spectra of B and P. To facilitate comparison, 
the expanded spectra of B and P are presented in Figure 5. Since 
both B and P contain Bchl, initially one would expect that the 
monomer modes would also be observed in the dimer spectrum 
and that the enhancement pattern would be similar. However, 
given that the Raman cross sections in resonance with P are 
about an order of magnitude smaller than cross sections for the 
same modes in B, some weak monomer modes may be difficult 
to detect in the P spectrum. At the next level of analysis, 
differential resonance enhancement (or deenhancement) of certain 
monomer modes could arise in the dimer spectrum due to the 
unique properties of the dimer excited electronic state. Finally, 
formation of the dimer from two independent monomers results 
in six new vibrational degrees of freedom which involve changes 
in the distance and orientation of the two monomers. Comparison 
of the vibrational structure of B and P by spectral region reveals 
examples of each of these expectations. 

Low-Frequency Region, 0-500 cm-I. P exhibits modes at  34, 
71,95, 128, and 484 cm-I that do not appear in the B spectrum. 
There is a possibility that some of these may be overtones or 
combination bands. For instance, the 71-cm-1 peak may be an 
overtone of the 34-cm-l mode, or the 34-cm-l peak could be a 
difference band of the 128- and 95-cm-l modes. The B spectrum 
lacks any strong modes in this frequency range, although a feature 
appears near 128 cm-I that is too weak to be fit reliably. An early 
semiempirical calculation predicted an intradimer mode at  100 
cm-1 which may correspond to either the 95- or 128-cm-l mode.4’ 
There are P modes at  187 and 204 cm-1 that appear to correspond 
to strong B modes a t  177 and 212 cm-l. A mode at  332 cm-1 is 
present in both the P and B spectra. Finally, some modes are 
observed in the B spectrum but are not strong enough to be fit 
in the P spectrum. The 353- and 385-cm-1 modes fall in this 
category. 

Mid-Frequency Region, 500-1000 cm-I. In this spectral range 
many modes are conserved between the monomer and the dimer. 
The P modes a t  564 and 585 cm-l appear to correspond to the 
single strong B mode at  569 cm-I. The P modes at 684,730, and 
899 cm-l correspond to the B modes at 682,731, and 891 cm-I. 
There are B modes a t  621 and 761 cm-1 and some weak features 
a t  about 650,920,945, and 965 cm-1 not seen in the P spectrum. 
Mode assignments shown in Table 2 were proposed by Mattioli 
et al.48 and Noguchi et aL49 for Bchl. In this region, the modes 
are assigned as in-plane ring distortions. 

High-Frequency Region, 1000-1800 cm-l. Only a few weak 
high-frequency modes are observed with excitation in resonance 
with the Q,, transitions of P and B. This is markedly different 
from the strong high-frequency scattering observed with Soret 
band excitation of these ~hromophores.50~5~ A line appearing a t  
1162 cm-1 in B and a t  1163 cm-I in P is the only strong feature 
appearing in the P spectrum in this region. Modes at  1010,1114, 
and 1 132 cm-l are seen only in the B spectrum. In addition to 
the reported modes, some very weak but reproducible features 
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Figure 4. Mid-frequency Raman spectrum of RCs obtained using 910- 
nmexcitation. Thesampleabsorbance (1-cmpathlength) a t  theexcitation 
wavelength is 0.2 in a 50% v/v mixture of buffer and ethylene glycol. The 
top axis shows the absolute wavelength of the detected signal. For 
comparison with Figure 1, 990-nm emission corresponds to a Raman 
shift of 1664 cm-I from 850 nm. 

B 

m 
C 
3 
0 
0 

+ 

I 1 I I I I I  
200 400 600 800 1000 1200 

Raman shift (cm-’) 
Figure 5. Comparison of the P and B resonance Raman spectra obtained 
using shifted excitation Raman difference spectroscopy. 
illuminated CCD detectors a t  wavelengths approaching 1000 
nm.42 However, the detection response for our system at  993 nm, 
the longest wavelength detected here, is stil1,about 10% of the 
maximum detection sensitivity, and all reported spectra have 
been sensitiuity corrected. To amplify this point further, Figure 
4 presents a spectrum taken with excitation at  910 nm. The 
7 30-cm-1 RC line and the 864-cm-’ ethylene glycol line are clearly 
detected, and even the weaker R C  mode at  899 cm-l is apparent. 
The detection window is centered at  ~ 9 8 0  nm (10 200 cm-I), 
which corresponds to a window centered 1580 cm-I to the red of 
850 nm. This demonstrates that the Raman spectra shown in 
Figures 1 and 2 were acquired with a system that is capable of 
detecting any strong modes of frequencies less than 1700 cm-l 
that might be enhanced with either 800- or 850-nm excitation. 
As in our previous work, the simple observation is that for Qy 
resonance excitation B and P do not exhibit strong scattering in 
modes higher than 1200 cm-1. 

Discussion 
Resonance Raman spectroscopy probes both nuclear and 

electronic dynamics associated with the resonantly excited 
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TABLE 2 Comparison of Vibrational Frequencies for P and Bm 
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P' B b  Bchlc Bchld BchP Bchlf BchlE Bchlh Bchl' RCI RC' assignnt' 
187 177 164 166 
204 212 196 194 
332 332 342 

385 380 
564 569 564 565 567 569 568 

62 1 624 
684 682 685 683 
730 731 730 730 728 730 729 

761 763 
899 89 1 892 894 897 898 897 

1010 1014 1010 1015 1020 1026 
1114 1118 1117 1116 1116 1113 
1132 1137 1137 1142 1142 1135 

1163 1162 1157 1159 1173 1176 1174 

340 335 

560 563 565 
617 GCCC' 
669 

7 50 727 728 GCNC, GC,HC 

920 893 894 GCNCd 
1013 Vc,cbc 

vCN(6CNC)c 
1133 vCN(6CNC)C 

vCNc 
a Resonance Raman spectrum of P, bx = 850 nm, this work. Resonance Raman spectrum of B, bx = 800 nm, this work. FT Raman spectrum 

of Bchl in tetrahydrofuran, bX = 1064 11111.~~ FT Raman spectrum of Bchl in a pyrazine film, bX = 1064 nm.49 e FT Raman spectrum of Bchl in 
chromatophores from Rb. sphaeroides antennae, bx = 1064 nm.49fFT Raman spectrum of Bchl in chromatophore fragments of Rsp. rubrum, ;Lx 
= 1064 nm.53 8 Site selection emission spectra of Bchl in a TEA (triethylamine) film, X, = 703.2 (0-1 vibronic region).57 Hole-burning spectrum 
of Bchl in TEA, X, = 780 nm (near 0-0 t ran~i t ion) .~~ Hole-burning spectrum of B850 from the Rb. sphaeroides antennae, excited near 853 nm.14 
FT Raman spectrum of RCs, bx = 1064 nm.52 FT Raman spectrum of RCs, bX = 1064 nm1.54*53 6 = in-plane deformation, Y = stretch. m Some 

of these spectra contain additional modes, mostly weaker, which were not observed using resonance Raman spectroscopy. 

may be discerned in the B spectrum, at  about 1230, 1270, 1300, 
1345, 1395, 1460, and 1650 cm-I, but they are too small to be 
fit reliably. The modes in this spectral region have been assigned 
as predominately C-C and C-N stretching motions.4* 

Comparison with Other Spectral Studies. Our resonance 
Raman spectra of B and P can be compared with other 
vibrationally-resolved spectra of Bch1,-containing species obtained 
using the techniques of preresonant Fourier transform (FT) 
Raman spectroscopy, site-selective emission spectroscopy, and 
hole burning. Table 2 summarizes this comparison. Our goal 
here is to understand which vibrational modes are characteristi- 
cally coupled to the Q, transition of Bch1,-containing species and 
how the results of these different techniques compare to the 
resonance Raman spectra. 

FT Raman spectra have been taken of Bch1,-containing systems 
with 1064-nm excitation, which is preresonant to all Bchl electronic 
states. FT Raman spectra of both Bchl monomers and RCs have 
been reported, and they provide a consistent set of Bchl, modes. 
The spectrum of Bchl, in a pyrazine film49 contains modes at  565, 
685, 730, 894, 1010, 1117, 1137, and 1159 cm-I. These 
frequencies correspond to the strong modes in our resonance 
Raman spectrum of B at  569,682,731,891, 1010, 1114, 1132, 
and 1162 cm-1. Noguchi et al. also report a spectrum of 
chromatophores from a light harvesting complex of Rb. sphaeroi- 
des, exhibiting strong modes at  567,728,897, 1015, 11 16, 1142, 
and 1173 cm-1. An FT Raman spectrum of Bchl, in tetrahy- 
drofuran similarly exhibits modes a t  564,730,892, 1014, 11 18, 
1137, and 1157 A 1064-nm FT Raman spectrum of RCs 
(uncorrected for the possible bleaching of P)5z contains strong 
modes at  563, 617, 669, 727, 893, 1013, and 1113 cm-I which 
may be preresonant B modes (or possibly resonant P+ modes).53 
These comparisons establish that the modes found in our B 
spectrum are all typical of Bch1,-containing species. 

An FT Raman spectrum of P was obtained by subtracting a 
spectrum of chemically oxidized RCs from a spectrum of 
functioning RCs.S4 The FT Raman spectrum did not extend to 
low frequencies, but the middle frequency region of this spectrum 
shows prominent modes a t  728 and 894 cm-1, in good agreement 
with modes we observe at  730 and 899 cm-I. In all the FT Raman 
experiments on Bchl systems, some weaker higher frequency 
modes are also observed. The large relative enhancement of the 
high-frequency modes in the FT Raman spectra compared to 
resonance Raman spectra could result either from higher electronic 
state contributions to the preresonant FT Raman scattering or 
from differences in intensity patterns between resonance and 
preresonance excitation.55 

In addition to FT Raman studies, a previous report of the 
low-frequency resonance Raman spectrum has also been made.56 
The 95- and 128-cm-I modes we observe are likely to be the same 
modes reported in this experiment a t  102 and 138 cm-1. Another 
recently published resonance Raman study of RCs42 is discussed 
further below. 

Other spectroscopic techniques have been used to provide 
vibrational information about Bch1,-containing species. A site- 
selective fluorescence spectrum of Bchl, in a triethylamine glass57 
has been analyzed to reveal intensities and ground- and excited- 
state frequencies of modes coupled to the Q, transition. The 
ground-state frequencies of the 13 strongest modes observed for 
Bchlare 164,196,342,568,624,683,729,897,950,1026,1113, 
11 35, and 1174 cm-I. All these lines can be identified with lines 
in our spectrum of B. Furthermore, all the B modes we observe 
are observed in the fluorescence data.57 Also, nonphotochemical 
hole-burning spectra of Bchl, in a triethylamine glass58 and of 
B850 from the B800-850 light-harvesting complex of Rb. 
sphaeroides14 contain a sharp, intense feature accompanied by 
small sidebands, revealing vibronic coupling to some of the same 
modes as those observed in the resonance Raman spectrum of B. 
In the nonphotochemical hole-burning spectrum of Bchl,, modes 
are reported a t  166 and 194 c ~ - I . ~ *  These excited electronic 
state frequencies appear to correspond to modes we observe in 
the Raman spectrumof B with ground electronic statevibrational 
frequencies a t  177 and 212 cm-I. The hole-burning spectrum of 
B850 includes structure a t  340, 560, 750, and 920 cm-l,14 
apparently corresponding to the strong B Raman modes a t  332, 
569,730, and 891 cm-I. Some vibronic structure has also been 
reported in photochemical hole-burning experiments on the P 
band of Rb. sphaeroides RCs. The hole consists of a weak, narrow 
feature, accompanied by a broad, intense phonon sideband. In 
the phonon sideband, a weak resolved feature is observed at  = 120 
cm-1,13.59 corresponding in frequency to the strong mode in the 
resonance Raman spectrum of P at  128 cm-I. 

To summarize, many investigators, using different techniques, 
have characterized the vibrational frequencies and the relative 
intensities of modes coupled to the Q, transition of Bchl, and 
monomers of Bchl, bound to proteins. There is good agreement 
in mode frequencies and relative intensities among all the spectra 
of monomeric Bchl,, including the resonance Raman spectrum 
of B reported here. In addition, the resonance Raman spectrum 
of P reported here is seen to contain a subset of these Bchl, 
monomer modes and to compare favorably with the FT Raman 
spectrum of P in the region where these data overlap. 

Resonance Raman spectra of B and P have also been presented 
by Palaniappan et al.42 In spectra taken with several excitation 
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wavelengths through the B and P absorption bands, =20 modes 
in the 40-430-cm-1 range and =17 modes in the 1430-1760-~m-~ 
range were observed, all of which have nearly equal intensity. 
Some of the most intense and ubiquitous Bchl, modes, such as 
the 332- and 730-cm-I modes, are weak or not present. In addition, 
the spectra change significantly with small changes in excitation 
wavelength within a single absorption band. For instance, 
although at  25 K both 872 and 896 nm are resonant with the P 
absorption, the modes seen in the 872-nm spectrum at  270,277, 
303, and 340 cm-1 are not seen in the 896-nm spectrum. The 
896-nm spectrum in turn exhibits modes at  253 and 288 cm-I, 
which are not seen with any other excitation wavelength. By 
contrast, in our spectra, the same set of modes are consistently 
observed as excitation is tuned within the B or P bands, and the 
relative intensity patterns are maintained as excitation is tuned 
through each resonance. Further, as noted above, the modes 
reported here are in good agreement with previous vibronically- 
resolved experimental studies of Bch1,-containing systems. 
Finally, we find the intensity of Raman scattering when on 
resonance with P to be -10 times less than that for Raman 
scattering from B. Palaniappan et al. report that scattering from 
P is as much as 15 times greater than scattering from B. Thus, 
there are many significant and fundamental differences between 
our Raman data on P and B and that of ref 42. 

There are several differences in the experimental conditions, 
apparatus, and procedures that may explain this disagreement. 
First, the spectra reported here were taken a t  278 K on samples 
of QA-containing, R-26 RCs flowing to ensure that photochemical 
products do not build up in the illuminated volume. The spectra 
taken by Palaniappan et al. were of stationary samples of 
chemically reduced (presumably QA-containing), wild-type (car- 
otenoid-containing) RCs frozen at  201 and 25 K, conditions which 
could lead to photophysical or photochemical alteration. For 
example, Boxer et al. demonstrated that prolonged irradiation at  
77 K leads to an increase in fluorescence, a change in sign of the 
fluorescence electric field effect, and a substantial decline in the 
quantum yield for charge separation between P and QA.60 There 
effects were most pronounced in poly(viny1 alcohol) films but 
were also observed in frozen glasses. In addition, Small and 
co-workers recently reported accumulation of a modified form 
of the special pair during prolonged irradiation6I A second 
experimental difference is that the data presented here were 
acquired using the shifted excitation difference technique, while 
Palaniappan et al. mostly presented data acquired by direct 
detection followed by flat-field correction and subtraction of the 
fluorescence background. All of the strong features reported 
here in the shifted excitation spectra of B and P have also been 
observed using direct detection. However, longer exposure times 
are necessary to achieve satisfactory signal-to-noise, and in the 
presence of a fluorescence background 2-3 orders of magnitude 
more intense than the Raman scattering, extreme care is required 
in the flat-field correction and background subtraction steps to 
avoid artifacts. A third experimental difference is that the current 
work employed a front-illuminated CCD detector while Pala- 
niappan et al. used a thinned back-illuminated detector. The 
quantum efficiency of the front-illuminated detector is ap- 
proximately 2 times lower in the spectral range studied here. 
However, since all of our spectra were corrected for the variation 
in detector quantum efficiency, any differences in detection 
efficiency over the detection wavelength range should be canceled 
out. The front-illuminated CCD was selected for these experi- 
ments because we found that thinned back-illuminated detectors 
can have larger fluctuations in pixel-to-pixel sensitivity that are 
difficult to correct for when there is an intense fluorescence 
background. 

Excited-State Dynamics of B and P. In addition to determining 
ground-state vibrational frequencies of B and P, information about 
excited-state dynamics can be obtained from resonance Raman 
spectra and Raman scattering intensities. The finding that the 
Raman cross sections are =10 times larger on resonance with B 

than with P could indicate that the excited-state dynamics are 
very different for the two chromophores. To examine the origin 
of the intensity difference between the B and P Raman cross 
sections, it is useful to consider the molecular parameters that 
control Raman intensities. A simple molecular model consists 
of a ground and an excited electronic state each having a potential 
energy surface consisting of independent harmonic oscillators. 
Each harmonic oscillator is characterized by a frequency, w, and 
a displacement, A, where A is the shift in dimensionless normal 
coordinates between the equilibrium positions of the ground and 
excited electronic states. The Raman scattering intensity depends 
on the time-dependent overlap integral between the final 
vibrational state in the ground electronic state and a replica of 
the initial vibrational state that is evolving on the excited electronic 
state potential surface. This time-dependent overlap is determined 
by the A’s and w’s for each mode, and the Fourier transform of 
the product of the function and a time-dependent damping function 
yields the Raman excitation pr0file.~s9~6 

Part of the difference in Raman intensities between B and P 
may be due to large displacements in a number of modes in the 
excited state of P, causing a rapid damping of the time-dependent 
overlap and decreasing the Raman cross sections. On the other 
hand, B is likely to undergo only modest ground-to-excited state 
structural changes, like the Chl, monomer, where a total S (Stat 
= CiA?/2) of 0.8 was measured.62 Hole-burning experiments on 
PII-13 suggest a much larger total S of about 3.5. The two- or 
three-mode models used to model the hole burning can now be 
improved based on our demonstration that a t  least 14 modes are 
coupled to the electronic excitation of P. Multimode damping 
effects, in which a large displacement in one or more modes damps 
the Raman cross sections in all the modes, have been observed 
in other systems with large vibrational displacements.63.64 In 
some cases, multimode damping effects result from displacements 
in modes that cannot bedirectly observed in the Raman spectrum, 
either because the vibrational frequency is too low or because the 
vibrational line width is so large that the Raman peak is buried 
in the Rayleigh or fluorescence background. Such unobserved 
modes act to increase the effective pure dephasing rate (vide 
infra), and so they are manifest in the magnitude of the 
phenomenological homogeneous damping function that is required 
to model the absolute Raman scattering intensities. 

Resonance Raman scattering strength is also sensitive to 
electronic state dynamics through the damping function that 
multiplies the time-dependent overlap integral. A fast electronic 
dephasing time, T2, will lead to smaller Raman cross sections. 
For room temperature condensed-phase systems, T2 may have 
lifetime ( T I )  and pure dephasing (T2*) contributions. Theexcited- 
state lifetimes of B and P have been studied. The lifetime of B* 
is controlled by the time for B*-to-P energy transfer. Though 
still an area of active study, it appears that this time is on the 
order of 100 fs,25,65966 while the lifetime of P* is about 3 ps.20-25 
Thus, the simplest analysis, in which the relative Raman scattering 
strengths of P and B are determined by electronic state dynamics, 
which in turn are controlled solely by TI processes, leads to the 
prediction that the resonance Raman cross sections of B will be 
smaller than those of P, while the observed cross sections of B 
are actually = l O  times larger than those of P. 

There are several other possibilities for explaining the different 
scattering strengths of B and P. Pure dephasing processes could 
contribute strongly to the room temperature T2 in RCs, and the 
pure dephasing rates of B and P could be different depending 
upon each chromophore’s environment and the interactions of its 
electronic states with the environment. Alternatively, rapid 
population dynamics ( T I  processes) other than the primary 
electron- or energy-transfer steps may contribute to the dephasing. 
For example, rapid vibrational relaxation in the excited electronic 
state of P could result in a fast effective TI for any vibronic 
transition. Such an explanation would, however, need to be 
reconciled with the interpretation that the oscillations observed 
by Vos et al. are due to vibrational coherence in the excited 
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electronic ~tate.2~333 Another possibility is that the electronic 
state structure of P is more complicated than has been implicitly 
assumed in the present discussion. There could be several nearly 
degenerate excited states of P, one of which might be a charge- 
transfer ~ ta te . I~v6~ In this case the dynamics associated with 
coupling between these states might affect the Raman cross 
sections of P. 

In future work, the frequencies and coupling strengths derived 
from the resonance Raman intensity analysis of the B and P data 
will be used to produce a quantitative model for their excited- 
state nuclear and electronic dynamics. This will provide much 
needed multimode vibronic information to further interpret the 
results of low-temperature hole-burning e~periments,~lJ3 Stark 
effect studies,16,17 and direct transient absorption and emission 
s t u d i e ~ . ~ ~ * ~ ~  Such a unified view of the spectroscopy of reaction 
centers should provide insight into the excited-state nuclear 
dynamics and relaxation of the special pair and the primary 
electron-transfer reaction. 
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