Time-Resolved Resonance Raman Spectroscopic Study Bull. Korean Ché8o%vl. 20, No. 6 657

Time-Resolved Resonance Raman Spectroscopic Study on Metallo-
tetraphenylporphyrins: Effects of Metal Sizes

Sae Chae Jeoung, Dongho Kim,* Dae Won CHaand Minjoong Yoon*-*

National Creative Research Initiatives Center for Ultrafast Optical Characteristics Control and Spectroscopy Laboratory,
Korea Research Institute of Standards and Science, Taedok Science Town, Taejon 305-600, Korea
TDepartment of Chemistry, Seonam University, Namwon, Chonbuk 590-711, Korea
*Department of Chemistry, Chungnam National University, Taejon 305-764, Korea
Received April 6, 1999

The variation of Jahn-Teller (J-T) distortion imposed on various metallo- tetraphenylporphyrins (MTPPs; M
=zn", Pd', Pt and RH') has been investigated by time-resolved resonance Raman spectrosgapy. By

modes of the tripletr{ ) states for the heavy-metal porphyrins exhibit the enhancement of their intensities
compared with those 8Zn'"TPP, while the enhancement of phenyl internal mode is reduced. These results sug-
gest that the J-T distortion becomes manifest as the metal size increases, and consequently the porphyrin-to-
phenyl ring charge transfer in the excited triplet state is inhibited.

Introduction Experimental Section

The photophysical properties of metalloporphyrins and zZn'"TPP, PHTPP, PtTPP, and RWTPPCI were purchased
related molecules have been a concern of current investigé-om Porphyrin Products, Inc. (Logan, Utah) and used with-
tionl Recently, much attention has been drawn to theiout further purification. The ground-state absorption and
excited state structures and dynamics, because the excit®hman spectra of these compounds agree with the published
states are known to act as primary intermediates in electrospectra425 All the solvents used were spectroscopic grade
transfe2 photodynamic therapyand solar energy conver- and further purified by fractional distillation.
sion processesSince the frequencies of the time-resolved The TR spectra were obtained with a pump pulse of 532
resonance Raman (¥Rbands are much sensitive to the nm (5 ns fwhm at 10 Hz, and 0.03 mJ/pulse) by using a
changes in bonding, structure, and charge transfer processasnosecond Q-switched Nd:YAG la8é. The pump
in the excited states, the YRpectroscopy has been exten- pulses at 565 nm were generated from the dye laser system
sively applied to the investigation on the excited state struceumped by the 532 nm outputs of the Nd : YAG laser. The
tural changes of metalloporphyriris and free-base porphy- probe pulses at 435 and 458 nm (3.5 ns fwhm at 10 Hz, and
rins18-23 0.01 mJ/pulse) were prepared as the first anti-Stokes shifted

Especially, there have been numerous investigations tBaman line of K excited by the 532 and 565 nm, respec-
characterize the Jahn-Teller (J-T) distortion in the excitedively. 416 nm pulse is the first Stokes line of alRhman
triplet state (T) of mesesubstituted tetraphenylporphyrin shifter pumped from the third harmonic (355 nm) of the
(TPP) derivatives. From the previous T&udie8” it has  Nd: YAG laser. The intensities of pump and probe pulses
been found that the J-T effects of'ZIPP are attributed to were adjusted by employing neutral density filters. The per-
the distortion along the Band Bg4 coordinates. Because of centage of excited porphyrin molecules was estimated to be
the J-T distortion, the molecular symmetry is reduced, andround 50-60% as compared with the solvent Raman peaks.
the electronic structure of porphyrin ring undergoes aThe time delay between pump and probe pulses was con-
change. Such structural changes would give rise to atrolled with an optical delay line. The Raman scattering sig-
increase in the dihedral angle between phenyl groups anaal was collected by a HR 640 spectrograph (Jobin Yvon)
porphyrin ring, and likely result in a variation of the porphy- connected with a delay generator (Stanford Research
rin-phenyl electronic conjugation in the highly excited triplet DG535), a pulse generator (Princeton Instruments FG135),
states (). Furthermore, the J-T distortion in the triplet state and a gated intensified photodiode array detector (Princeton
is expected to be affected by the central metal size and tHastruments IRY700). The sample solutiorta.(1 mM)
axial ligation. Thus, we report the ¥Rpectra of some were flowed through a glass capillary (0.8-mm i.d.) at a rate
heavy-metal porphyrins such as'PEBP, PtTPP and RHT- sufficient to ensure that each pulse encountered a fresh vol-
PPCI in noncoordinating and coordinating solvents in ordeume of sample. We carefully checked the sample decompo-
to address the consequences of metal size and solvents sition by monitoring the ground state Raman spectra of the
the excited state J-T distortion. The comparison of thessamples. Ground state absorption spectra were measured on
results with those of ZiTPP has been made to correlate thea Varian UV-visible spectrophotometer (Cary 5E), and the
relationship between the J-T distortion and the porphyringround state Raman spectra were recorded by employing a
ring-to-phenyl charge transfer of these porphyrins. continuous wave (cw) Ar ion laser, a Raman U1000 double
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monochromator (Jobin-Yvon), and a photon counting elec I

tronics (Hamamatsu). All the Raman modes were assigne ZnTPP -
following the mode assignment of 'ZFPP and NiTPP, R Q3w 2 8
because Raman spectra for high-frequency porphyrin skele el f 2 <
tal modes of these metalloporphyrins are well known anc © ‘;' §

quite similar with other heavy-metalloporphyrins.
We obtained the ground state Raman spectra using tt
probe pulses in resonance with-T, absorption bands of
metalloporphyrins investigated here. And we just employec
the pump pulses in resonance with Q-bands to genera
excited triplet state species with an appropriate time dela
between these two pulses. As for the pure triplet state Rame
spectra, we subtracted the ground state Raman specti
intensities from the transient Raman spectra witnd 4
modes as reference. The T-T absorption bands of meta
loporphyrins investigated in the present work exhibit much
broader spectral features (fwhntis 65 nm) than the corre-
sponding ground state Soret bafeg.Therefore, the varia-
tions in excitation wavelength do not show any significant ey
intensity changes when all the transient peaks are norma 1000 1200 1400 1600 1800
ized with, and,; modes. Actually, the TRspectra of MTPPs RAMAN SHIFT (cm™)
obtained with 435 nm probe pulses are identical to thosg

. igure 1. Nanosecond TRspectra of ZHWTPP in THF measured
measured by the different probe pulses such as 416 and 45;?%1 565 nm pump and 458 nm probe pulses; (A) probe only, (B)

nm. Therefore, in this paper, we report the SRectra mea-  pump and probe (time delay: 17 ns), and (C) difference (B-A) with
sured by the probe pulses in resonance witli,labsorption  a proper subtraction factor.

maximum of MTPPs. The different delay times were also

employed for each porphyrin due to the difference in the sinfeatures of this spectrum are identical to those obtained by
glet state lifetimes. The delay time we employed was457.9 nm cw Ar ion laser lingx (phenyl) mode at 1600 cfn
believed to be sufficient enough to monitor only the triplet v, anduio modes around 1549 chu;; mode at 1492 criy

state species. We also changed the delay times betweem mode at 1350 cy U,z mode at 1270 cry u; mode at
pump and probe pulses to see whether there exist ary238 cm® andg (phenyl) mode at 1181 cfprespectively
changes in Raman enhancement pattern depending up@hable 1). Since the;&nd T state lifetimes of ZHTPP were
delay times. It was found that there are no substantialeported to be about 2.7 ns and 1.2 ms, respectiviig

1238

»
2 3
© 2

(A)

changes in Raman intensities. TR? spectrum of ZHTPP in the T state was recorded by the
458 nm probe pulse at 17 ns delay after pumping at 565 nm.
Results The characteristic feature in the T$pectra ofZn'"TPP was

manifest in the phenyl modeJ enhancementat at 1597 ém
Zn"TPP. Figure 1 shows the PRspectra of ZWTPP in  as shown in the difference spectrum (Figure 1C). These
THF obtained by 565 nm pump and 458 nm probe pulseggesults are consistent with the ¥Rpectra of3Zn'TPP
which are in resonance with Q(0,1) ang Tk absorption  reported by Walterst al® and Reeckt al’ From the previ-
bands, respectiveff. The bottom spectrum was obtained ous reports, the, andu,o bands around 1549 chshifted to
with an excitation of 458 nm probe only. The overall spectrall508 and 1493 crfj the frequency shifts of these two bands

Table 1 Vibrational frequencies and assignment of thenl T, states of ZHTPP, PUTPP, PtTPP and RRTPPCI

_ Zn'TPP PHTPP PYTPP RHTPPCI

assignment symmetry
T S T1 S T1 S T1

s, (phenyl) 2 1600 1597 1600 1600 (1598) 1600 1597 (1597) 1600 1598 (1598)
U2, (CsCp), (CaCm) aug 1508 1506
e b }1549 Lios 11562 11515} 1562 os ) 1557 } (1539)
U1z, (CoCp) big 1492 1429 1498 1450 1494 1452 (1451) 1496 (1441)
U4, (CaCp), (CaN) aug 1350 ; 1367 - 1371 1368(1371) 1364 (1367)
V1, (Pyr half-ring)ys g . ; . 1304(1304) - 1308 (1308) - (1301)
V27, (CunCor) big 1270 1262 (1274) (1267 - (1267) 1273 (1285)
U1, (CnCo), (CaN) aug 1238 1233 1238 1233(1232) 1235 1235 1237 1231 (1236)
®¢, (phenyl) ag 1181 1179 1185 1183 1187 1186 1181 1181

Values shown in parentheses were obtained in piperidine solvent.
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in the triplet state Raman spectrum were different, and conshow 3-5 cmt downshift with an increase in its intensity.
sequently observed to be broad in this re§ibhhe relative  Also, theu:, mode at 1304 crhandu;; mode at 1450 crh
intensity of theus band was diminished in the ¥Bpectrum, were observed in contrast to ground state spectrum. The
indicating no spectral shift for this band between the groundkaman spectral changes of tage ¢ anduv, modes accom-
and triplet states. They; band at 1492 crthandu,y band at  panied by the T state formation are not so significant as
1270 cm? shifted to 1429 and 1262 chintensities of both  compared with those 6EZn"TPP. On the contrary, when the
@ and u; bands at 1179 and 1233 €¢mvere moderately triplet state Raman spectrum was recorded fdiTPBE in
enhanced in the triplet state. piperidine as shown in Figure 2(2), tlg, v11 and vzz
Pd'TPP. The ground state absorption spectrum dffPFdP  modes at 1515, 1450 and 1304-Emvere not so strongly
in THF denotes Q(0,0) and Q(0,1) bands at 550 and 521 nnenhanced as those in THF. On the other hand, tRes[iéR-
respectively, as well as B band at 414 nm. Th&.labsorp- tra of3Pd'TPP in piperidine show a pronounced increase in
tion maximum of PUTPP was reported to be around 450 intensities particularly for thes band at 1598 criand the
nm2¢ and the Sand T state lifetimes to be about 20 ps and v, mode at 1232 crhas compared with other;Bmodes
380 ms, respectiveB/. Thus, the TRspectrum of photoex- such as the;; andu:; modes (Figure 2(2)C).
cited PATPP was measured by employing 435 nm probe Pt'TPP. The ground state absorption spectrum 6T PP
pulses at 3 ns time delay after an excitation of 532 nm pumpn THF exhibits Q(0,0) and Q(0,1) bands at 537 and 508 nm
ing. In the probe only spectrum of 'HdPP in THF (Figure as well as B band at 400 nm. As in the case 6TPB, the
2(1)A), @ mode at 1600 cry U, and vip modes around S state lifetime of PTPP is very short (~20 ps) due to the
1562 cm?, v1; mode at 1498 cy s mode at 1367 cri vy heavy atom effect, and the $tate lifetime was reported to
mode at 1238 crhandgs mode at 1185 crhiwere observed, be about 54 m%.:?8 Thus, the transient Raman spectrum
respectively (Table 1). In the difference Raman spectrunattributable to the fTstate was obtained by the probe pulse at
(Figure 2(1)C), thep band at 1600 crhwas observed to be 416 nm at 3 ns time delay after 532 nm excitation (Figure 3).
enhanced in comparison with that observed in the probe onlyhe ground state Raman spectra (Figure 3(1)A) obtained by
spectrum. Theu, and vip bands around 1562 chin the  the low power probe only excitation exhibit tipemode at
ground state exhibit different frequency downshift each1600 cm?, theu, andu;o modes at 1562 crh theu;; mode
other and become broad around 1515'dmthe T, state.  at 1494 cnt, theus mode at 1371 crfj theu; mode at 1235
The vy band at 1238 crh and the@ mode at 1185 crh cmr' and theg mode at 1187 crh respectively (Table 1). In
the excited triplet state Raman spectrum 6TPP as shown
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Figure 2. Nanosecond TRspectra of PrPP in (1) THF and (2) Figure 3. Nanosecond transient resonance Raman spectra of
piperidine measured with 532 nm pump and 435 nm probe pulse®t TPP in (1) THF and (2) piperidine measured with single pulse at
(A) probe only, (B) pump and probe (time delay: 1 ns), and (C)416 nm; (A) the low power, (B) the high power, and (C) the
difference (B-A) with a proper subtraction factor. difference spectrum (B-A) with a proper subtraction factor.




660 Bull. Korean Chem. Sot999 Vol. 20, No. 6 Sae Chae Jeoung et al.

in the difference spectrum of Figure 3(1)C, theband at Discussion

1597 cm?is only slightly enhanced and tigeband at 1186

cnr! becomes broader relative to the corresponding ground The most prominent aspect in the STRpectrum of
state Raman band. In addition, v, v11 andui; bands at  3Zn'"TPP appears to be the enhancement of the Raman bands
1496, 1452 and 1308 cinwere observed to be relatively in the 1100-1700 crhregion as compared with those of the
strong in comparison with the slight enhancement ofghe ground state spectrum. This phenomenon was interpreted in
mode in 3P TPP (Figure 3C). In piperidine, the overall terms of the symmetry lowering caused by J-T distortion,
spectral features ofPt'TPP(pip) are similar to those for and the enhancement of some Raman bands can be corre-
SP{'TPP in THF. lated with the nontotally symmetric Raman modes; @

Rh" TPPCI. Figure 4 shows the PRspectra of RATP- B.y).87 It has been recognized that the excited singlet state of
PCIl in THF and piperidine acquired by probe (435 nm)metalloporphyrins has {&,) and (a.ey) orbital configura-
pulses at 7 ns time delay after pumping at 532 nm. The Ttions which are almost degenerate, and a strong configura-
state lifetime was reported to be around 11%%iSgure  tional interaction takes place. Thus, in the excited singlet
4(1)A shows the Raman spectrum obtained with an excitastate the configurational interaction minimizes the J-T effect
tion of 435 nm probe pulse only. The overall spectral feanormally. Conversely, in the;Tstate this configurational
tures of the probe only spectrum are identical to thosenteraction is prohibited by symmef%and the J-T effect
obtained by 457.9 nm cw Ar laser ling;mode at 1600 cr should be manifes. The J-T distortion in k) symmetry is
U, anduip modes around 1557 chmuqw mode at 1496 cfy known to occur along the;Band/or By normal coordinates,
us mode at 1364 crfi v,y mode at 1273 crh u; mode at  causing the B and Bg vibrational modes to be totally sym-
1237 cm®andg mode at 1181 crf respectively. metric in the reduced symmetry. ThegBand By modes

The TR spectra of RRTPPCI in THF show a pronounced include theq, 12, 27, andzg modes providing distortion coor-
increase of intensities particularly in tieband at 1598 crh dinates appropriate for the J-T effect.
and theuv; mode at 1231 cr (see Figure 4(1)C). In piperi- In the cases of closed-shell heavy-metal metalloporphy-
dine, the TR spectra of RATPPCI show that theg, mode at  rins (PdTPP and P{TPP), the enhancements ofyBnodes
1598 cm? is also enhanced. Thefmnodes such as the:  were observed in the excited triplet states, butgh@ode
mode at 1441 cr and theu;, mode at 1301 crhbecome  enhancement is not so significant as compared with the B
more enhanced relative to those of'RIPPCI in THF (see modes. Thex modes ofPd'TPP andPt'TPP around 1600
Figure 4(2)C). cmr! are rather weaker than that®gh' TPP. It was reported
that theg mode enhancement in the ¥spectra ofH,TPP
and3Zn'"TPP are mainly attributable to the charge transfer
coupled to a rotation of the phenyl groups into the porphyrin
5 3 8 ring.2* In other words, thep mode enhancement in the
© W‘" excited triplet state was suggested to be contributed by the

T1-Th electronic transition in B band region involving a por-

phyrin g* to phenylr* orbital excitation. The charge trans-
® fer from the porphyrin to the phenyl ring produces a large
% displacement along the phenyl ring coordinate. Therefore, a

Bz relatively weakg mode enhancement of 'HdPP and Pt
o o |l 8 TPP in the excited triplet state indicates a decrease in the
@ iy AN electronic conjugation between the porphyrin ring and phe-

nyl groups. Thus, it can be suggested that the structural dis-
(1) THF - 3 tortion by the J-T effects may increase the dihedral angle

28 8 between the phenyl groups and porphyrin ring, and conse-
© /W"‘ guently inhibit the charge transfer process. These phenom-

Rh"TPPCI

1598

(2) piperidine 8

301

ena could account for the observation that the relative
intensities of they modes of heavy-metal TPPs are reduced
whereas the B and By modes related to the J-T distortion
are enhanced in the S$tate.
I | The v, and u, bands in the ground state of closed-shell
metallo-TPPs were observed at higher frequencies in the
order of Rh < Pd < Pt metal compared with those df-Zn
1000 1200 1400 1600 1800 TPP. This indicates that the core sizes are decreased in the
RAMAN SHIFT (cm™) same order. IF is notevvprthy that the core si.ze pf porphyrin
Figure 4. Nanosecond TRspectra of RKTPPCI in (1) THF and ring does not increase linearly as the metal size increases due
(2) piperidine measured with 532 nm pump and 435 nm probéo the out-of-plane geometry of the central metal in the por-

pulses; (A) probe only, (B) pump and probe (time delay: 7 ns), an®hyrin r@ng?l Nevertheless, it is important to note that the
(C) difference (B-A) with a proper subtraction factor. downshifts of theu, andu,o modes in the TRspectra com-

(B)
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pared to those of ground state are attributable to the porphgize of platinum does not increase the core size of porphyrin
rin core-size expansion as the metal size increases. Since thirg in piperidine and CCl, solvents, one expects severe
Uz anduio modes are contributed by methingOgand pyr-  distortion and ruffling for FTPP(pip) and P{TPP. Since
role G,Cn bond stretchings, the downshifts of these modeghis severe already-distortion exists in the ground state, the
in the T, state are consistent with the weakening of theming difference in distortion between the ground and excited
bonds. This suggests that a significant distortion of porphystates is not expected as the axial ligand is coordinated.
rin ring take place to result in an expansion of the core size A similar structural change was recently investigated in
of Pd'TPP and P{TPP in the T state. In other words, the free-basenesetetraalkylporphyrins, b (alkyl)P3? Particu-
distortion of heavy-metal porphyrin macrocycle becomedarly, the introduction of bulky tertiary-butyl or adamantyl
manifest as compared with the;,Zsymmetry of ZWTPP,  substituents at the meso positions induced ruffling distor-
because of the more effective J-T distortion in thestfite.  tions. Those porphyrins deviate substantially from planarity,
The us mode of heavy-metal porphyrins in the State  as is likely evidenced by the extremely shortstate life-
remains unchanged in its intensity and frequency, although time, and the distortion consists primarily of severe ruffling
is a combination of gCgand GN stretching. The behavior of the maroclocycle. It was suggested that the ultrafast radia-
probably reflects the fact that the antibondingNGnterac-  tionless deactivation of the ruffled porphyrins derives largely
tion cancels the bonding,Cginteraction’ from the ability of these already-distorted molecules to eas-
In the case of the TRspectrum of RATPPCI in THF, the ily undergo additional structural changes in the excited state
@ mode is markedly enhanced relative to the other modesompared to the ground state, resulting in an enhanced
This is because chlorin axial ligand pulls the rhodium metaFranck-Condon factor for internal conversion. In concomi-
out of the porphyrin ring plane slightly making the porphy- tant with these observations, the extremely sholifetimes
rin ring relatively undistorted, and consequently enhancesf heavy-metalloporphyrins are likely attributable to the
the electronic resonance between the phenyl groups and patructural distortion in addition to the heavy-metal effect.
phyrin ring. In piperidine, other Raman bands, especially B
and By modes, of Rh'TPPCI were observed to be Conclusions
enhanced, because piperidine solvent is ligated to the central
rhodium metal as the sixth ligand so that the metal is located The TR spectra of closed-shell heavy-metal TPPs!'(Pd
near the center of porphyrin ring to induce the J-T distortionPt!, Rh'") show marked enhancements and large downshifts
For PATPP in piperidine, it is likely th&Pd'TPP partially  of the v, and u;o modes. These effects are interpreted in
makes the five-coordinated complex through ligating withterms of the J-T distortion along thesEBoordinate, which
piperidine in the T state. However, the transient Raman involves methine @ and pyrrole GN bond stretchings.
band at 1450 cm was observed in THF in contrast to the At the same time, the enhancement ofghmode in the T
lack of this mode indicating the contribution of the nonto- state decreases as the metal size increases. This also suggests
tally symmetricui; mode (Bg). This finding implies that the that a simultaneous charge transfer from porphyrin to phenyl
THF solvent is not ligated to the central metal ion in the trip-rings is inhibited by the large displacements along the phe-
let state and Pd metal is located near the center of porphyrimyl ring coordinates by the J-T distortion.
ring to induce the J-T distortion. Thus the structure of Acknowledgment This work has been supported by the
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