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Resonance Raman (RR) spectra of aggregates of tetrakis(4-sulfonatophenyl)porphyrin diaSBHH

excited near exciton absorption bands of 489 ngrb@hd) and 421 nm (klband) were recorded and analyzed,

and RR intensities of the aggregates and segregated monomers were calculated with time-dependent resonant
Raman formulas for the FraneifCondon mechanism of enhancement. Their-tiNéible absorption spectra

were also calculated spontaneously. On the basis of the RR spectra and computed results, the ground and
excited-state structures as well as molecular packing of aggregaf&PH— have been studied. It was deduced

from the analyses that there are large dimensionless displacements on the excited state alomgstizad

v, coordinates for both aggregated and segregat@@PP . These normal modes involve mainly theG,

CsC;s bond stretching and {€,C, bond angle bending motions. The low-frequency RR bard00 cnr?)

were greatly enhanced when the excitation wavelength approaches #iesarption band of FTSPP-
aggregates, which was attributed to narrowing of théahd due to the exciton interaction. It was revealed

that the 489 and 421 nm absorption bands gF$PP~ aggregates can be attributed to two different exciton
manifolds originating from the degenerated B statestdte) of HTSPE~. Davydov splitting of the aggregates
evaluated from molecular exciton theory is well-coincident with the measured values, which supports a one-
dimensional ribbon model for ASPE~ aggregates.

I. Introduction R C/=3,\ = -
The excited-state structure and properties of porphyrins are “a = Cm R=©’ 805

very important for understanding biologically important pro- H* =~

cesses such as energy transfer in photosyntheses, photodynamic HN

therapy of cancers, and chromophepotein interaction in
hemeproteins. Conventionally, the electronic excited-state prop-
erties of molecules or molecular assemblies can be extracted
from high-resolution electronic absorption or emission spec- _ ) .
troscopy and photoelectron spectroscopy. The bond-length ano‘;;ggi:je(ang;@)ural sketch of tetrakis(4-sulfonatophenyl)porphyrin
bond-angle changes of molecules on the excited states relative '
to the ground state can be evaluated from the intensities of porphyrin (NiP)1819 In one of these works, the structural
corresponding electronitvibrational transitions. Another method changes resulting fromeS+S, photoexcitation were computed

to obtain excited-state properties is resonance Raman (RR)ysing semiempirical quantum chemistry methods and projected
intensity analysis, which is particularly useful for solution 5niq the ground-state normal modes to calculate Raman
samples whose high-resolution electronic spectra and photo-jniensities assuming validity of the Condon approximation for
electron spectra are usually difficult to obtain. Resonance RamanSO_,S2 excitation. Their results indicate that thes$ate (B state)
intensities have been WeII-formuIated e[ther in a.traditional SUM- o NiP is mainly due to g (HOMO-1) — e;*(LUMO) single-
over-states picture or equivalently in the time-dependent gjeciron excitation, in coincident with other experimental and
picture’™> The Kramers-Kronig transform method has also  theoretical evidencé In another paper, non-Condon contribu-
been widely used to calculate RR excitation profiles from o and interference effects were consideredgr+S, excited
absorption spectrum of the scatferA considerable number  paman intensities of Nif®

of molecules have been studied with RR intensity analysis to  pqrphyrin aggregates with regular high-order structures were
investigate their excited-state structures and dynamics UpONtiractive due to their structural resemblance to the chlorophyll
photoexcitatiorf.>#10 aggregates. Therefore, spectroscopic studies of porphyrin aggre-
Resonance Raman spectroscopy has been employed to studyates may provide deeper understanding for molecular interac-
porphyrin and related compounds for many yedrs! These  tion and energy transfer in chlorophyll aggregates. Water soluble
studies provide not only the knowledge of porphyrin molecules  tetrakis(4-sulfonatophenyl)porphyrin {fSPP-) is an important
in the ground state but also the understanding of their electronic porphyrin derivative which has wide applications in many areas.
excited states. Spiro et al. has recently used the Kranhemmig Its N-diprotonated derivative (i.e., the diacid FSPP~, whose
transform method to analyze the RR intensities of nickel structure is shown in Figure 1) was found to aggregate in highly
acidic solution, accompanying dramatic changes in-Wigible
* Corresponding author. E-mail: fcliu@ustc.edu.cn absorption and luminescence spectra similar to J-aggregated
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cyanine dyes® 23 The aggregation behavior o, iSPP~ was 8re'ECE M ) »03]i 0

found to sensitively depending on the concentration, ionic or(E E9 = | ?
strength, and pH of solutiof¥22 The absorption spectrum of R4 (E,—Ey—¢,+¢)—ill
the aggregates was characterized by the appearance of a sharp 1)
band (denoted assband) at 490 nm red-shifted by 56 nm

compared with the B band (434 nm) of,FEPE~ monomer. HereM is the electric dipole transition momentuis, andEs
A broad and weak absorption at 421 nm (denoted gb&hd) are the energy of incident and scattering lightand ¢, are

was also observed in the aggregates. The origin of this blue- respectively Fhe energy of the initial yibrational stajtﬁanq
shifted absorption is not very clear, although it was suggested the intermediate vibrational statel E is the G-0 electronic

to be due to the formation of the H-aggregate (face-to-face transition energyl is the line-width factor. The summation in
structure) of HTSPP~.22 Resonance Raman spectroscopy €d 1 covers all intermediate states that are transition dipole
excited with 488.0 nm near the Absorption of aggregated ~ coupled to both initial and final states.

H,TSPP- (denoted as agg-AISPP-) has been investigated Formula 1 has been derived for nonaggregated molecules in
by several authors, but no details about the excited state werehomogeneous solution. The Raman polarizability of aggregated
elucidatec?*26 Raman spectrum excited in resonance with the molecules has a similar form as segregated monomers assuming
Hg band of agg-HTSPFE~ has not been reported yet to our that the excitor-vibration interactions and vibrational coupling
knowledge. To bear these problems in mind, in the present between the molecules are weak in the aggreffateBut

paper, we have measured the Raman spectra of aG§E- exciton-coupling-induced changes on electronic energy levels
with excitation light in resonance with both theahd H; states. and spectral line widths are necessarily considered for molecular
Spectra of molecular state;FSPP- (denoted as m-iTSPP-) aggregates with strong excited-state interactidn®! As in the

were also studied for comparison. The Raman intensities of agg-¢@se of monomeric molecules, Raman scattering from ag-
H,TSPP~ were simulated by using time-dependent resonant 9regated molecules can be enhanced by the Fra@okdon
Raman formulas (section Il1A). The ground-state structure of Mechanism when the excitation is in resonant with the molecular
agg-HTSPP~ was extracted from RR frequency changes due exciton absorption band (J band or H band) of the aggre@%ttes..
to the aggregation (section I1IB). The and Hs excited-state Thus, Ra_man cross section of a molecule in aggregate can still
structures of agg-FiTSPP- were analyzed by using the Pe described by eq 1, bii andI" are respectively the-60
theoretical simulation results, especially, the fitted parameters iransition energy and the line-width factor corresponding to the
of the dimensionless displacemeéat and the line-width factor excitation from the ground state to a specific exciton state.

T (section IIIC, D). Finally, the molecular packing model and !N this work, RR intensities and absorption spectra were
exciton splitting of agg-WTSPP-~ were elucidated on the basis calculated with the time-dependent method developed by Heller
of the exciton theory calculation (section I1IE). et al. and other$>8-10 Although it is theoretically equivalent

with the sum-over-states method, the time-dependent method
has been proven to be more efficient in computation for systems
with many vibrational modes. The time-dependent expression
of Raman scattering cross section corresponding to e§ is

Il. Experimental and Theory

A. Experimental. Tetrasodiunmmesotetrakis(4-sulfonatophe-
nyl)porphyrin (TSPPNa;) was synthesized and purified ac-

cording to the procedures described in the literat@if The B 8re’ES’E M*
aqueous solution of the free basgli$PP~ (5 x 105 mol/L) oR(ELE9 = ohSct
. bl - C
was prepared by resolving TSRy in triply distilled water. o . )
Monomeric and aggregated diacid,FBPE~ were prepared U(‘) [Hi(t)expli(E. — E; + ¢)VAlexp[-Tt/Aldt" (2)

respectively by dropping a different amount of diluteS&y

was about 4 for m-ETSPE~ and 1 for agg-HTSPE-. The
prepared solutions were allowed to equilibrate $oh before 2 2

measurements. For aggrFSPP, the samples were gently oa(E) =wRe[f°° ()0
shaken prior to measurements. Raman spectra were recorded 3h%n 0
on a Spex-1403 double monochromator with® @@attering expli(E, — E, + ¢)t/hlexp[-Tt/Aldt] (3)

geometry. The slit width of the monochromator was set such
that the spectral resolution is 4 cf The 488.0, 496.5, and

457.9 nm lines of an Arlaser and the 413.1 nm line of aKr ¢ nction |i(t)0= exp(—iHt/A)|i0stands for the time evolution
laser were used as excitation sources with the power 60 mMW. ot yiprational wave functiorjilon the excited-state potential

B. Theory and Computational Method. In Albrecht and surface, wheré is the vibrational Harmitonian on the excited
Tang’'s sum-over-states picture, Raman scattering is describedstate. Formula 2 manifests that the intensity of a Raman band
in terms of the KramersHeisenberg Dirac dispersion formula  depends on the overlapping calculiig(t)Jof motional wave
obtained by second-order perturbation thebRaman signals  packet|i(t)Owith the final vibration statefl] To simplify the
can be enhanced when the incident irradiation is resonant with overlap, the following approximations are employed: (1) both
an electronic transition, either due to the nonzero Franck the ground- and excited-state potential surfaces are assumed to
Condon overlap of the ground state and the resonant statebe harmonic; (2) there is no Duschinsky rotation; i.e. the normal
(Albrecht’s A-term mechanism) or due to the vibronic coupling mode compositions at excited state are the same as those at
betweent excited states (B-term mechanism). The A-term ground state; and (3) the force constants of excited and ground
mechanism is dominant when incident radiation is in resonance states are the same; i.e., the potential surface of the excited state
with a strongly allowed electronic transition. In this situation is shifted but not distorted compared with that of ground state.
the Raman scattering cross section of a molecule from initial ~ With these approximations, the overl&ii(t)Ccan then be
vibrational statdillto the final statesgfllis given by—238 written as the following simple forfn

wheren is the solvent index of refraction. The time-dependent
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TABLE 1:F2Parameters for Simulations of Resonance Raman Spectra and UVVisible Spectra of agg-HTSPP~ and
m-H,TSPP~

agg-HTSPP- 2 agg-HTSPP P m-H,TSPP~¢
vicm™t |A|(Js state) vicm™t |A| (Hg state) vicm™t |A| (B state) vd assigrt

1594 0.065 1594 0.065 1599 0.065 pher@=C)

1563 0.064 1563 0.049 1569 0.048 V10 Y(CouCnm)

1538 0.149 1538 0.124 1546 0.116 V2 v(CsCp)/v(CoCi)

1493 0.059

1477 0.084 1474 0.059 1479 0.065 3 (CuCr)(CsCy)

1430 0.056

1384 0.036 1371 0.110 1371 0.076 Va v(CuCp)/v(CuN)

1356 0.032 1356 0.087 1342 0.038 V12 Y(CeN)/V(CoCp)

1321 0.067 1327 0.038

1283 0.034

1232 0.116 1232 0.150 1239 0.145 2 v(CmPh)

1202 0.052

1123 0.043 1122 0.049 1128 0.060 Vg O(CsH)

1083 0.062 1081 0.037 1088 0.069 V17 O(CgH)

1017 0.101 1016 0.064 1011 0.091 Vis v(CuCp)/v(CuN)
987 0.133 987 0.091 972 0.075 Ve v(CoCp)/v(CuN)
914 0.046 918 0.058
880 0.037
807 0.032 809 0.062

730 0.046
700 0.109 700 0.05 704 0.094 v S(NCoCrr)V(CuN)
670 0.057
622 0.053
582 0.078
419 0.104 435 0.108
364 0.090 409 0.115
317 0.310 317 0.201 315 0.271 Ve 8(CoCimCa)/M(CuCrr)
242 0.365 238 0.194 235 0.312 16 8(CoCimCa)M(CaCir)

aE, = 20380 cnl, M = 3.35 A,n = 1.333,T" = 142 cntL. P E, = 23656 cmit, M = 2.09 A, n = 1.333,T = 457 cntl. ¢ E, = 22998 cnt?,
M = 3.75 A,n = 1.333,I" = 410 cn1x. ¢ Mode order from refs 13 and 14From refs 13, 14, and 26.

H AZ —ie
mi()t= [exp{— Sl-e Uh)] m-H,TSPPZ

f
[exp(ict/h) — 1] (2%1,2} )

Here, A is the dimensionless displacement of excited-state
equilibrium nuclear geometry relative to the ground state along
a specific normal coordinate, ardandf are respectively the
energy and quantum number of the corresponding normal
coordinate.

In this paper, simulation of RR and UWisible absorption
spectra of agg-kiTSPP~ and m-HTSPE- were performed with
time-dependent-method with formulas-2 for a temperature
of 300 K35 Calculation parameters were iteratically adjusted
to fit the measured RR intensities and absorption spectra in the
380—-520 nm region (B band region for porphyrin compounds).
Simulation for absorption and RR spectra was carried out with
the same set of parameters for each excited-state involved. The
simulation results are shown in Table 1

agg-H, TSPPZ

Absorption Cross Section (a.u.)

380 400 420 440 460 480 500 520
Wavelength (nm)
Figure 2. Experimental (solid line) and calculated (dash line)

Ill. Results and Discussion absorption spectra for aggzFSPP~ and m-HTSPP. The arrows mark
the positions of the excitation wavelength in Raman experiments.
A. Experimental and Computational Results. The UV—
visible absorption bands of porphyrins are due to the electronic . i
transitions from the ground statecf3o the two lowest singlet  the experimental and calculated absorption spectra of molecular
excited states:JQ state) and §(B state). The §~S; transiton ~ €xCiton bands (i at 421 nm and g} at 490 nm) of agg-
gives rise to the weak Q bands in the visible region (5680 H4TSPP~ and the B absorption band (434 nm) of ngfISPP~.
nm), while the $—S; transition produces a strong B band in  The positions of incident radiation for RR measurements are
the near-UV region (400450 nm). For m-HTSPE-, these marked as arrows in Figure 2. In our RR measurements, the
transitions were observed at 434 nm (B band) and 632 rygm (Q Wwavelength positions of incident light are well close to tge J
band). In agg-HTSPP-, these bands shift to 421 nmgand), and H transitions of agg-tTSPP~ or the B band transition
490 nm (3 band), and 706 nmJ§ band) respectively, which  of m-Hs;TSPP~. The interference of the Q statey(State) of
was attributed to the exciton couplif®.2® Figure 2 displays H4TSPE~ to the RR intensities is insignificant, owing to the
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Figure 4. Calculated (a) and experimental (b) Raman spectra of agg-

H,TSPE- excited at 413.1 nm; (c) experimental Raman spectra of agg-
200 400 600 800 10.00 1.2100 1400 1600 D,TSPP- excited at 413.1 nm.(insePpower, 60 mW; timg constantgg

Raman Shift (cm™) 1 s/cnmt; concentration of WTSPE~ (D, TSPF), ~0.1 mM; pH (pD)

Figure 3. Calculated (a, c) and experimental (b, d) Raman spectra of ~ 1.

agg-HITSPE~ excited at 488.0 and 496.5 nm. Laser power, 60 mW;

time constant= 1 s/cnT?; concentration of HTSPE~, ~ 0.1 mM; pH

~ 1.

1239

weak strength of the 5>S; transition and the large energy (b)
difference between the excitation light and the-S; transition.
Figure 3 compares the experimental and calculated Raman
spectra of agg-kTSPP~ excited at 488.0 and 496.5 nm, which
are in resonance or near-resonance with tpestate. It is
noticeable that the intensities of the Raman bands in the low-
frequency region €500 cnt?) relative to those in high-
frequency region change dramatically from the 488.0 nm excited
spectrum to the 496.5 nm excited one. For instance, the 242
and 317 cm? bands are almost 10 times stronger than the high-
frequency band at 1538 crhwith 488.0 nm excitation, whereas
this ratio changes to about 3 times with 496.5 nm excitation. (a)
Figure 4 displays the measured Raman spectra of afGPFP - 457.9 nm
and its deuterated derivative aggTBPPE~ excited at 413.1
nm (near K absorption) as well as the calculated spectrum of
agg-HTSPE~. The experimental and calculated RR spectra of
m-H,TSPE~ excited at 457.9 nm are displayed in Figure 5.
While the low-frequency bands at 235 and 315 ¢nm Figure
5 are still among the strongest bands, their intensities are not
as predominant as their counterparts in agg$PP~ (the 242
and 317 cml_ b_ands of Figures 3). Tabl_e_l lists the parameters 200 400 600 800 1000 1200 1400 1600
for the best fitting of the measured UWisible spectra and RR Raman Shift (cm™)
intensities. It should be noticed that both the®transition

position Eg) and spectral widthI{) of agg-HTSPP~ are Figure 5. Calculated (a) and experimental (b) Raman spectra ofym-H
different from those of m-ETSPP- TSPP~ excited at 457.9 nm. Laser power, 60 mW; time constarit

s/cnT?; concentration of WHTSPP~, ~ 0.1 mM; pH~ 4.

1546

m-H,TSPP%

Intensity (a.u.)

B. RR Frequencies and Ground-State Structure of
agg-HsTSPP~. The differences of vibrational frequencies inthe 1306-1450 cn region are due to the/c-Cg and G—N
between the agg-ASPE~ and m-HTSPE- reflect their stretching motions, which are thought to mix with each other
structural differences in ground state. For porphyrin-related severely:314 Compared with m-gTSPP-, the G,—C;, and
compounds, the RR bands in the 143@50 cnt! region Cs—Cg stretching frequencies (1538 cfrfor v, and 1563 cmt
involve the stretch of the ©2-Cz and G,—Cn bonds due to the  for v10) of agg-HTSPP~ decrease by 68 cmicm—1, while
relatively large force constants of these bonds. The RR bandsC,—Cs/C,—N stretching frequencies'4, vis, andvi) increase
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by 6-13 cnTl, indicating that agg-ETSPP~ has prolonged
Cy—Cn and G—Cy bonds and shortened,€Cg and G—N
bonds compared with m-fTISPP~. The porphyrin skeleton of

J. Phys. Chem. A, Vol. 105, No. 16, 2003985

tion spectra of agg-f{TSPE~ and m-HTSPE~ are performed
with the time-dependent method and the calculation results are
shown in Table 1. Among the fitted parameters, the dimension-

the diacids are known to be saddled, owing to the stereo less displacemenf| and the line-width factof" are essential

hindrance of four hydrogen atoms in the cerfferhe observed
structural changes from mzASPE~ to agg-HTSPFE~ probably

to the intensity analysis. The dimensionless displacerent
reflects excited-state geometry changes relative to the ground-

reflect the general trends when a saddle-shaped porphyrinstate projecting along the corresponding normal coordinate.
become more planar. There are reports in the literature which Transforming dimensionless displacements into absolute changes

broadly show these trendéFor instance, the frequencies for
thev, mode of the metal complexes of octaethyltetraphenylpor-
phyrin (OETPP), a very saddled porphyrin, shift to lower
frequency by 36-40 cnt! compared with the corresponding
mode of the planar metallooctaethylporphyrins (MOEPs).
The 242 cm! band of agg-HTSPP~ (Figure 3) and the 235
cm~1 band of m-HTSPP~ (Figure 5) are tentatively assigned
to the out-of-plane saddling mogigs (B, Symmetry undebDay)
of the porphyrin ring, which is probably coupled with the in-
plane motiont* The 317 cnt! band of agg-HTSPE~ and the
315 cnt! band of m-HTSPP~ were attributed to the in-plane
breathing mode of the porphyrin-ringgf.1326 For most of the
planar porphyrin compounds, such asT8PP~ (D) and NiP
(Dan), thevg mode, but not thg;s mode, is strongly enhanced
with near-B band excitation, since the B band is in-planer*
transition in character. In porphyrin diacid,FSPP~, however,
the effective symmetry of the porphyrin ring reducedtg.3®
Since they;6 andvg modes have the same Aymmetry under
Dyg, they are expected to strongly mix with each other, and
both are resonantly enhanced via the Fran€kndon mecha-
nism112 The out-of-plane mode at 235 cM (y16) in M-
H4TSPE~ shifts to 242 cm! in agg-HTSPP, reflecting that

of bond length and bond angle requires the compositions of
normal coordinates, which are not available fofTBPP~ at
present. However, the assignments of the Raman bands of agg-
H4TSPE~ have been proposééz2é providing valuable refer-
ences for discussion of its exciton state structural features. For
the & state, the 242 cnt (y16) and 317 cm? (vg) bands have

the largest dimensionless displacements, 0.365 and 0.310,
respectively (Table 1). The;e and v modes involve mainly

the G,CmCy bending and @Cy, stretching motion&?*26 There-

fore, the large/A| values ofyis and vg modes indicate large
changes for @CnC, bond angle and &, bond length on the

Js state compared with the ground state. In the high-frequency
region (=900 cnt?), the 1538 cm? band §»), which involves
CsCs and GCn bond stretches, has large dimensionless
displacement|A| = 0.149). Other modes with larga| values

at J state are the 1232 crh(v4, Cn—Ph stretch|A| = 0.116)

and 987 cm? band {5, C,Cs and GN bond stretchegA| =
0.133). Compared withg andyis, the|A| values ofyy, v,, and

vg are much smaller. Since absolute displacements are propor-
tional with the dimensionless displacements while inversely
proportional with the square-root of normal frequendiésy-
frequency modes such agandyis are expected to have much

the molecular packing in aggregate induces a constraint for thelarger absolute displacements. Thus, the bond-length changes

out-of-plane motion of the porphyrin ring. This is also consistent
with the prolonged ¢-Cn, and G-Cg bonds and shortened
Ca-Cg and G.-N bonds of agg-&lT SPP~ compared with those
of m-H;TSPE~, which can be rationalized by assuming that

on the @ state are deduced in the ordef@n> CyCs> Cyn—
Ph>C,Cs ~ CyN. Besides, large changes foyCC, bond
angles are expectable.

It is known that the RR spectra of the porphyrins usually

the HiTSPP~ molecules in the aggregates adapt a more planar show distinctive and characteristic enhancement patterns when

conformation to optimize the— interaction with each other.

Most RR frequencies of aggs#fSPP~ with 413.1 nm
excitation are coincident with the 488.0 or 496.5 nm excited
ones, implying that “the 421 nm species” is identical with “the
489 nm species”. An obvious exception is the strong 238'cm
band in the 413.1 nm spectrum, which is downward shifted by
4 cnr! compared with the 242 cm band in the 488.0 and
496.5 nm excited spectra. In,O solution, the 238 cm band
of agg-HTSPE~ (413.1 nm excitation) shifts to 234 crhdue
to the deuteration of central hydrogen atoms (Figure 4).
Similarly, by using 488.0 nm excitation, the 242 chband of
agg-H TSPE~ shifts to 238 cm? in DO solution (which has

excitation light is in resonance with different electronic transi-
tions. For agg-HTSPFE~, the intensity pattern of the 413.1 nm
excited spectrum in 9601700 cnt?is similar to the 488.0 and
496.5 nm excited ones. For instance, the RR bands such as 987,
1016, 1232, 1538, and 1594 cinwere measured with
comparable relative intensities in Figures 3 and 4. Simulation
of RR and absorption spectra reveals large dimensional dis-
placements for the; (|JA] = 0.150),v, (|A] = 0.124),vg (|A|
=0.201), andr16 (JA| = 0.194) modes on thedstate, similar

to the cases of thegJstate. It is noted that these vibrational
modes also correspond to large dimensionless displacements
for m-H,;TSPE on the B state. This evidence hints that both

been recorded but not shown here). The identical deuterationthe Hs and  states of agg-FTSPP~ have an origination
shifts and dominant intensities hint at a close connection betweenconnecting with the B state of thesFSPP~molecule. As shown

the 242 cmit band with @ resonant excitation and the 238 ¢in

in section IlIE, the K and & states of agg-fTSPP~ can be

with Hg resonant excitation. We suggest that these two bandsattributed to two exctonic manifolds from the degenerated B

come from the same vibration of the FSPP~ molecule, which
is split by molecular interaction and selectively enhanced
respectively with | and & resonant excitation.

On the whole, the differences of vibrational frequencies in
the RR spectra of agg#ISPE~ and m-HTSPP indicate the

state of HTSPP~ which is split by molecular interaction.

The relative intensities of low-frequency bands compared with
the high-frequency bands for thesHstate resonant spectra in
Figure 4 are not as large as withstate resonant spectra (Figure
3). In the 606-750 cnT! region, four middle strong RR bands

ground-state structure changes due to the aggregation. To go avere observed at 622, 670, 700, and 730 tmith 413.1 nm

step further, the intensity analysis of the RR spectra of agg-

excitation, in contrast to the 488.0 or 496.5 nm excited spectra

H,TSPP- using the time-dependent resonance Raman theoryin which the intensity of the 700 cm band is obviously

can extract the structural information of aggT$PPE~ in Js

prevailing. The strong band at 419 chin the 413.1 nm excited

and H; excited states that are presented in the following sections. spectrum was not observed with 488.0 and 496.5 nm excitations.

C. Structure of agg-HsTSPP?~ on Jg and Hg Excited
States.The simulations of RR spectra and GVisible absorp-

This band is tentatively assigned to a deformational mode of
the porphyrin macrocycle according to its frequency position
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and rather strong intensity. The distinctions in intensity patterns AERS mechanism, the term in the denominator of the Raman

between the RR spectra with dnd H; resonant excitation may  intensity expression become small as the resonance is ap-

be attributed to the different directions of polarization fgr J  proached, leading to enhanced Raman scatt@?ifhgplicit in

and H transitions (section IIIE), which are expected to this picture is the dependence of Raman intensity on line-width

selectively enhance different vibrations. change. Thus, the unusual enhancement of low-frequency bands
The |A| values of m-HTSPE~ are very close to those of  upon resonance excitation of J bands can be thought to connect

agg-HTSPE~ for most RR bands. As shown in Table 1, both with the dramatic narrowing of spectral line width caused by

species have relatively largd| values forvs, y1e, v2, v1, and exciton coupling. We noted that, due to the broggadsorption

ve modes but smallA| values forvyg, vs, v12, andviz modes. and large line-width factol’ = 457 cnt?, the intensities of the
This similarity manifests that the structural changes of agg- low-frequency RR bands of aggsHSPP~ with Hg resonant
H,TSPE~ from the ground state to the exciton statg ¢J Hg excitation (Figure 4) are not as dominant as their counterparts
states) are similar to those of mfFSPP~ resulting from the in the & excited spectra (Figure 3).

corresponding electronic transitiony(® S). This reflects the The foregoing results in sections IHD indicate that the

fact. that the mollecular excitons_ in aggregates are FrenkelRR spectra and their theoretical simulation for the agg--
excitons?*% Despite that the excited electronic state extends y,TSPE- molecule are a useful probe of the ground- and

over many molecules in aggregate, the intramolecular propertieseycited-state structures of a molecule in the aggregated system.

of the excited state persist. o However, for the elucidation of the regular high-order structures

D. Influence of Line-Width Factor I' On RR Intensities. and aggregation nature of aggFSPP -, the theoretical analysis
The presence of enhanced low-frequency bands for aggregatedt v —visible absorption spectra is vital and will be presented
molecules is an interesting phenomeri®#’With the intensity in the next section.

of the high-frequency band, (1563 cnl) as an internal
standard, the relative intensity @ (or y16) with 488.0 nm
excitation is about 3 times larger than that with 496.5 nm
excitation. This striking change in relative intensities upon
excitation wavelength can be attributed to the inherent narrow-
ness of the exciton transition, as evidenced by the sharp J
absorption band in the UWvisible spectrum of agg-iTSPP-.

For very small excited-state displacements, the factor
exp[—(A%2)(1— e <M in eq 4 can be replaced approximately
by unity. The Raman intensity of tHeh fundamental can thus
be expressed as

E. Excitonic Splitting and Molecular Packing In agg-
H,TSPP>~. The nature of the violet band at 421 nm of
agg-HTSPPE~ has not been well-understood yet. This band has
been found polarized perpendicular to the long axis of the
aggregat@? Ribo et al. suggested that it is due to a new face-
to-face aggregate (H-aggregate) ofTISPFP~.22 However,
H-aggregation seems not favorable in the view of the electro-
static repulsion between adjacenfli$PE- molecules. We have
used the exciton theory to calculate the blue shift of the B band
with the H-aggregation model (face-to-face packing). It turns
out that the calculated blue shift with the H-aggregation model

5 o . is at least 10 times larger than the experimental value (711
I = KA |f0 [exp(—igt/h) — 1] cm™b). Thus, it seems more plausible to attribute thadd H
expli(E, — Eo)t/h]exp[—rt/h]dt|2 bands to different e_xciton r_nanifolds; both originated from the

B band of HTSPE-. Splitting of the B band of aggregated

1 H4TSPP~ can be considered as the reasonable consequence of

the symmetry lowering of the porphyrin macrocycle in ag-
(5) gregates. Moreover, the degeneracy in the B state can be lifted

by exciton interactions for which the angle between the line-
whereK is a constant containing the transition dipole moment Of-centers and th&-component of the in-plane dipol&/f) is
and the concentration of the scatter. Blazej and Peticolas havedifferent from that between the line-of-centers and the
derived the same formula from the sum-over-states approachcomponent of the in-plane dipol&1(). The lift of the degeneracy

= Kh% A’
[(E,— E)*+ T(E, — E_ + €)*+ 17

several years agd.Formula 5 hints that, in addition to th® of the B state due to the exciton interactions has also been
values connected with Franeicondon factors, RR intensities ~ observed in aggregated protoporphyrin IX glycosamidesd
also sensitively depend on the line-width factbr of the porphyrin monolayer assembliés.

electronic (or exciton) transition in the resonant. The relative ~ Molecular packing of agg-iTSPP~ has been proposed as a
intensity of vg versusv, for 488.0 and 496.5 nm excitations one-dimensional linear chain on the basis of the electrostatic

can be given by interaction mode#?2* Since HTSPE~ is a zwitterionic mol-
ecule, the positively charged center of on’BPE~ molecule
(|V8/ |v2)488 can attract the negatively charged peripheral substituents of the
m = adjacent molecules; thus, the linear assembly gf $PP-
vy V7496 molecules can be constructed. Excess catiors KHt", or K,
[(Ey — Eagst €,)° + TV(Ey — Egge+€,)* + T7 for instance) are required to shield the electrostatic repulsion

5 > > > of the anionic sulfonate groups of adjacent molecules. Figure 6
[(Eo — Esgst€,)" + I'MI(Ey — Egggte,)” +17] plots the structural model of agg:ASPP-, where the geo-
metric parameters were evaluated from the crystallographic data
With T as 142 cm? for the & band, the calculated,{/1,,)ssd of tetraphenylporphyrin diacid (HPFT).36 With this structural
(1,¢/1,,)406 ratio is about 3.38, consistent with the experimental model, exciton theory is now employed to calculate the energy
value of 3.33. Similar dramatic enhancement in relative intensity shift of the & and Hs states of agg-kTSPP~ relative to the B
for low-frequency bands has also been found in aggregatedstate of m-HTSPE~. For simplicity, we neglect the nonpla-
cyanine dyes upon resonance excitations with J absorptionnarity of the porphyrin core and the possible twist or rumple of
bands®:39Akins et al. have developed an aggregation-enhancedthe aggregates. We believe that neglecting the nonplanarity of
Raman scattering (AERS) theory and explained successfully thisthe porphyrin macrocycle does not introduce significant error,
enhancement for aggregated cyanine dyje&ccording to the since the intermolecular distance, which is the key factor for
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05 0.7 nm by a factor of 1.202 compared with the value from the nearest
.6 nm neighbor approximatiof Therefore, the calculated spectral
6=19.5° s ¥ shif%s are—gg% cnt! () and 632 cm? (Hg), respectiSer,
2 © 0.3 nm with long-range interaction. In view of the approximations
S [ &9 ] © [} (point—dipole interaction and flat instead of twisted or folded
. ribbon), the coincidence between calculated and measured
Side View spectral shifts is fairly satisfying. It thus further supports the

idea that the 421 and 489 nm absorption bands of ag@GHAP~
are due to different exciton manifolds with B band origination.
Before closing this report, it is necessary to discuss the
theoretical approximations used in eq 4. Due to the lack of
My detailed information about the excited-state potential surfaces
for H4,TSPE-, a set of the so-called “standard assumptiéns”
Top View are introduced in eq 4 as the first step for the practical com-
Figure 6. Structure model of HTSPP- aggregate. The shadowed putation. Simila}r approximatiqns haye been usegl to -simulate
cycles represent the external cations. the B band excited RR intensity of nickel porphyrin (NiP) and
were proven successftl. Deviations from the “standard as-
the calculation of the spectral split, does not change much. sumptions” include non-Condon effects, quadratic vibronic
Similar simplified models have been successfully used to coupling effects [the force constant changes and mode mixing
calculate the exciton split of aggregated protoporphyrin IX (Duschinsky rotation)], anharmonic corrections appearing at
glycosamided! The coordinate system in Figure 6 is chosen higher order, and nonadiabatic effects at one of the most refined
so that the porphyrin plane is th€Y-plane and thér-axis is levels! Hassing and Mortensen have provided perhaps the most
perpendicular to the line through the molecular centers. Ac- comprehensive treatment for the Duschinsky efféttEhey
cording to the strong coupling model of the molecular exciton, have shown that the Duschinsky terms and the nonadiabatic
the energy of the single-exciton transition for an infinite linear terms are of the same order of magnitude. However, extensive
chain is given byAE= AEq + 2V, where interaction potential ~ Duschinsky rotation does occur in porphyrin. Zgierski et al. have
V can be calculated with point dipole modéThe sign ofV, applied Duschinsky mixing effect along with the vibronic
which depends on the molecular arrangement in the aggregatesinterference modes to account for the Raman excitation profiles
determines whether the exciton band is red-shifted or blue- of copper tetraphenylporphyrif. Thus further works for ag-
shifted relative to the corresponding monomer absorption. gregated HTSPP~ are necessary to include all possible
With the approximation of nearest neighbor interaction, the contributions from vibronic coupling, Duschinsky effect, and
interaction potential with point dipole model is described as  other approximationsThis is difficult for practical calculation
at the present time. If Duschinsky rotation and/or anharmonici-
2 2 . . . . .
X y ties are considered, the time-domain method loses some of its
Vi = /3 (-3 co$ 0) and Vy= F advantages in the view of calculation efficiency. Nevertheless,
explicit forms for li(t)Ohave been given in the literature for
wherer = 10.0 A is the distance of the transition dipole the cases of unequal ground- and excited-state vibrational
moments and = 19.5 is the angle between the line-of-centers  frequencies as well as Duschinsky rotatforhere are also other
and the in-plane dipol®/l,. The fact that the in-plane dipole  theoretic approaches to treat the multimode problem of resonant
My is perpendicular to the line-of-centers has been taken in Raman scatteringUsing a different approach, Shelnutt et al.
account in the expression . The magnitude oM can be have considered a variety of problems involved in the calculation
estimated from the integrated intensity of the corresponding Of Raman excitation profiles, including nonadiabatic, interfer-
absorption bands. The integrated absorption coefficient of the €nce, and Duschinsky effects.
B band of m-HTSPP~ (1.29 x 10 mmol-cn?-s1) gives
the transition electric dipole strengi? = 166 [? as the sum  [V. Concluding Remarks
of two components N> and My?) of the degenerate B
transition?2 The ratio of the square of the transition dip&ig?/
M,? was estimated from the UWisible absorption spectra by

Mx

In summery, we have analyzed the RR intensities of ag-
gregated and nonaggregategl8BPFE-. Mode-specific structural
changes on the excited state relative to the ground state are

M. 2 AJA discussed. There are large dimensionless displacements along
X J Vs, Y16 V2, Ve, aNdv1 normal modes in the excited state, with
My2 Al thevg andy1s modes having the maximum| values, for both

of agg-H,TSPE~ and m-HTSPP~. On the basis of the internal
where the absorption rati8y/Ay can be estimated from the coordinate compositions of normal modes, we conclude that
measured relative peak intensities (6.6:1 fpvd Hg) and fwhh the bond-length differences between excited and ground states
(1:3.5 for & vs Hg). It follows that the transition strengti,? follow the order GCn> CzCs> Cn—Ph>C,Csz ~ CuN,
andM,? equal 114 B and 52 B, respectively. The Davydov ~ accompanying large alteration for,CnC, bond angles. The
splitting was calculated respectively as1993 cn1? (for the 489 and 421 nm absorption bands were attributed to two exciton
red-shifted band) and 526 crh (for the blue-shifted band), = manifolds originating from the degenerated B statg {@te)
significantly deviated from the measured values-@640 and of H4;TSPE~. One-dimensional chain model of ;FSPP~
711 cntl. This manifests that the contributions from residue aggregate was supported by the Davydov splitting of the
molecules other than the nearest neighbors are important. Wheraggregates evaluated from molecular exciton theory. The present
interaction of all molecules in the aggregate is considered, thework demonstrates that RR intensity analyses can be used to
spectral shift of the exciton band of the aggregates relative to extract properties of aggregates on exciton states, which may
the corresponding electronic transition of monomer is amplified be very valuable for understanding important processes such
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as spectral sensitization in photographic science and energy (19) Kumble, R.; Rush, T, lll; Blackwood, M. B.; Kozlowski, P. M.;

transfer in photosynthetic systems.
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