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Resonance Raman and DFT Studies of Tetréert-butyl Porphine: Assignment of Strongly
Enhanced Distortion Modes in a Ruffled Porphyrin
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The free-base form of tetitert-butyl porphine (TtBP), which has extremely bulkyesosubstituents, is severely
distorted from planarity, with a ruffling angle of 65.5The resonance Raman spectrum of TtBR € 457.9

nm) and itsd,, ds, andd, o isotopomers have been recorded, and while the spectra show high-frequency bands
similar to those observed for planaesesubstituted porphyrins, there are several additional intense bands in
the low-frequency region. Density functional calculations at the B3-LYP/6-31G(d) level were carried out for
all four isotopomers, and calculated frequencies were scaled using a single factor of 0.98. The single factor
scaling approach was validated on free base porphine where the RMS error was found to be 14/l cm

the assigned bands in the high-frequeneylQ00 cnt?) region of TtBP were found to be due to vibrations
similar in character to the in-plane skeletal modes of conventional planar porphyrins. In the low-frequency
region, two of the bands, assignedsas(ca. 330 cm?') and v (ca. 540 cm?), are also found in planar
porphyrins such as tetra-phenyl porphine (TPP) and tetrgropyl porphine (IPP). Of the remaining three

very strong bands, the lowest frequency band was assigneeh syr swivel, obsd 415 cmi, calcd 407

cmtin dg). The next band, observed at 589 ¢nin the dy compound (calcd 583 cn), was assigned as a

mode whose composition is a mixture of modes that were previously lapeléd(CCHmCs)) andy11 (pyr

foldasym) in NIOEP. The final strong band, observed at 744 tifcalcd 746 cm?), was assigned to a mode
whose composition is again a mixturejafandys, although here it ig1; rather thary1; which predominates.

These bands have characters and positions similar to those of three of the four porphyrin ring-based, weak
bands that have previously been observed for NiTPP. In addition there are several weaker bands in the TtBP
spectra that are also “out-of-plane” vibrations. Two of these (878 and 903 carrespond to the remaining

652 cnr! NiTPP band,y17 (y(Cs—H)sym), and arey(Cs—H)sym Vibrations centered predominantly on the
pyrrolidene or pyrrole rings. Since the intensities of resonance Raman bands can be used to map the changes
in geometry associated with the electronic transitions lying at the excitation wavelength, the observation that
the modes which are most strongly enhanced are those which involve distortion of,th@y@le—C,
segments away from their near-planar ground-state geometries may be significant. In particular, it points to
distortions in the excited state along coordinates which are different to those found in the ground state. In the
ground state, each of the,€pyrrole—Cy, units in TtBP is near-planar, even in this very sterically challenged
compound, but the overall structure is ruffled because these units are tilted with respect to each other. However,

the enhanced modes do not follow this distortion coordinate but are associated with twisting withjp-the C
pyrrole—Cp, units and this suggests that these modes are important in the excited state.

Introduction already found applications in areas as diverse as molecular
Nonplanar porphyrins are commonly found in biological electronics, solar energy cqnversion and photo.dynamic thérapy.
systems and many groups have attempted to gain some insigh{n Many of these applications the photophysical properties of
the effects of distortion using simple model porphyAn&The the porphyrin macrocycle are central to the functioning of the
distortion from planarity in biological systems can be traced to SYStéms. In general, the nonplanar compounds have much
a variety of sources, for example, bulky axial ligands and shorter gxmted-state lifetimes than their planar analdbaed .
substituents around the periphery of the macrocycle give large SOMe display strongly temperature-dependent photophysical
steric interactions that can only be relieved if the porphyrin Pehavior: This raises the possibility that the excited-state
distorts from planarity. A very large number of nonplanar Properties of the porphyrin may be “tuned” by introducing
porphyrins have also been synthesized: in these, the distortiondistortions into the macrocycle, but of course, such an approach
is induced either by introducing steric interactions using equires an understandlng of how the nature of the distortion is
peripheral substitution or by the introduction of central metal linked with the photophysical consequences.
ions of suitable size into the porphyrin cdré® Of the two main synthetic methods of introducing distortion
While the perturbation of the ground-state properties of these into a porphyrin (metalation and substitution by sterically bulky
compounds is of considerable interest, the perturbation of their substituents) we have chosen peripheral substitution because it
excited-state properties is, if anything, more dramatic. This is allows us to study distortion effects independently of the
important because the excited states of porphyrins are them-photophysical changes which often accompany metalation. In
selves intensively investigated, for example, porphyrins have this paper we concentrate on the free-base form of tetta-
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appropriate scaling factors for estimating experimental frequen-
cies has received considerable attention in the liter&tdite?!

here we use a single standard value of 0.98. Similarly, although
it has been shown that the intensities of resonance Raman bands

R =H; FBP :
— O(CH,), ; TIBP can be calculated for porphyrid&for our purposes we have
=pheny’1ffpp simply used the well-established argument that Soret-excited
= CH(CH,), ; IPP resonance Raman spectra of porphyrins are completely domi-

nated by totally symmetric (A) vibrational modes and we should
therefore assign observed bands to calculated A modes only.

Experimental Section

Figure 1. Structures of the various porphyrin molecules discussed in The de_nSity functior_lal calculations were performeauss-
the text. ian 98 using the hybrid B3-LYP functional and the 6-31G(d)

basis sef32> Symmetry tolerances were relaxed (IOP2&7
butyl porphine (TtBP), which has extremely bulkyeso 1) to giveD2, andD, symmetry for FBP and TtBP, respectively.
substituents, and compare it to other porphyrins, including tetra- For the calculations on TtBP, a modified GDIIS algorithm was
phenyl porphine (TPP) and tetise-propyl porphine (IPP), used instead of the default rational function optimization (RFO)
which also have heavy but less sterically demanding substituentsbecause the latter did not reach a stationary point under the
at themesopositions (see Figure 1). While it has been known “tight convergence” conditions used throughout this work. The
for some time that free-base IPP and TPP have near-planarstandard method for calculating Raman intensitieGaussian
porphyrin cores, the crystal structure of free-base TtBP has only 98 (“freq = Raman” keyword), which calculates intensities for
recently been determined. Its structure is, as expected, severelyplane-polarized excitation of isotropic samples, was used.
distorted from planarity with a ruffling angle of 65.5(The Frequency and intensity data were transferred to Microsoft Excel
ruffling angle here is defined as the torsional angle (deg) of the and SPSS SigmaPlot to allow generation of traces with Gaussian
C4-Cs; of opposite pyrrole rings with respect to an axis through line shapes and a default fwhm of 2 chn
the nitrogen atoms. Full crystal structure to be published.) As  Raman spectra were obtained using a conventional dispersive
is common in nonplanar porphyrins, the Soret and Q-bands in System that has been described previo#fsBriefly, the spectra
its UV—vis spectrum are slightly shifted, although the overall were recorded using 457.9 nm excitation (Spectra-Physics Ti/
spectrum is clearly that of a porphyi? sapphire laser pumped by a Spectra-Physics 2020l#ser,

Raman spectroscopy is widely used in research on distortedtyPically 100 mW at sample), a 18backscattering geometry,

porphyrins as it, potentially, allows the extraction of an immense & Jobin-Yvon HR640 single stage spectrqgraph, and a CCD
amount of data on a molecular system and specifically, in the detector. The spectra were run in KBr disks and were not
case of distorted porphyrins, it may yield information on the corrected for detector response. .
nonplanarity of the system. However, even if resonance Raman Syntheses of the free-base porphyrins were based on a
spectroscopy is used, so that totally symmetric vibrations are modified L|nds_ey procedure, in Wh_lch the concentrations of the
preferentially enhanced, the Raman spectra are still complex€actants was increaséd. Preparation of thelg isotopomer of
and it is very difficult to make reliable assignments of bands TtBP followed the same synthetic route, except that pyrrole was

by analogy with the better known and understood planar replaced withds pyrrole. Thed, and dio isotopomers were
porphyrins. produced by dissolvingl, anddg TtBP in dry THF, and then

adding a few drops of deuterium oxide. The solution was then
placed in a desiccator under vacuum and left until the container
was dry. The central protons within the porphyrin macrocycle

Recently it has been shoWi?that a density functional theory
(DFT) approach to the calculation of the vibrational frequencies
;j;cl?c?rigrgcrillernélggglzgicfi r;u c?dc :g:glzizc : : Ar;etrrf](ér?ugﬁtl)t/eoi?rt]lg are inghtIy acidic and so can be readily exchanged for deuterons
calculations has improved, the agreement between the experi-In solution.
mental and the calculated spectra has also improved, to the pomhesults and Discussion
where calculations can provide a realistic basis for making
definitive assignments of the bands in experimental spectra. This The resonance Raman spectrum of TtBB & 457.9 nm)
improvement is due, in part, to the fact that DFT methods have is compared with that of its planar (or near-planar) analogue,
provided a way of including electron correlation in the study IPP, and a much better known and understoesesubstituted
of moderately large molecules. Although the resulting vibrational porphyrin, TPP, in Figure 2. It is clear that the spectra of the
frequencies tend to be higher than those observed experimenplanar/near-planar porphyrins and the distorted TtBP share
tally, they are closer to the experimental frequencies than thosesimilar high-frequency bands, which in the planar compounds
calculated by semiempirical and Hartreeock methods. The  are known to be due to in-plane vibrations of the central
remaining overestimation of the vibrational frequencies is mainly porphyrin core. In contrast, in the low-frequency region, there
due to neglect of anharmonicity, together with incomplete basis are remarkable differences in both the band positions and
sets. One approach to this problem is to use DFT-SQM methodsintensities between planar porphyrins and TtBP.
in which the calculated force constants for various bond types The appearance of unusually intense low-frequency bands
are scaled by standard amounts and then used to generatén the resonance Raman spectra of nonplanar porphyrins has
vibrational modes whose position is consistent with experiment. often been noted previoush??28.29They are believed to have
An alternative method, which is more straightforward to similar mode compositions to the corresponding out-of-plane
implement, is to use a single scaling factor for all the vibrational vibrations of planar porphyrins (which do not appear in the
modes directly, although this is somewhat less effective becauseSoret-excited resonance Raman spectra of the planar com-
it does not take into account the different bonds which are pounds) although of course, in nonplanar porphyrins, modes
involved in each of the modes. Although the determination of cannot simply be classified as in-plane or out-of-plane, since
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Figure 2. Resonance Raman spectra of (a) TtBP, (b) IPP, and (c) ARB 457.9 nm. The very strong, unusual low-frequency bands of TtBP
are highlighted in the box.

TABLE 1: Comparison of Experimental and Calculated Vibrational Frequency Data for FBP and Four of Its Isotopomers

FBP dO d2 d4 d8 d12
vi exptP calcd calct calcdt exptP calcd calc cald®@ exptP calcd calcd calcdt exptP calcd® cald¢ calcct exptP caled caled calcdt
mg 155 153 160 153 155 153 155 152 155 153 161 153 153 151 158 151i 152 151 158 150

vg 309 304 301 304 308 303 308 302 308 304 301 303 303 298 295 298 302 298 295 297
vie 723 719 719 721 721 719 719 721 663 665 662 666 701 699 697 700 665 657 653 658

vz 736 724 723 728 723 721 726 702 699 697 699 722 717 715 717 699 696 695 697
vis 952 957 948 951 950 954 946 948 920 930 914 926 944 9467 939 957 955 762 951
ve 987 994 985 985 978 981 968 970 962 956 957 978 98W92 971 923 929 771 924

vz 1063 1069 1055 1056 1056 1069 1055 1056 1015 1022 1007 1009 776 ®Br 768 770 771 921 762

vg 1064 1075 1064 1062 1062 1075 1063 1061 1072 1074 1061 1061 794 MBB 792 773 779 947 770

vz 1182 1190 1178 1179 1175 1187 1175-177 1072 1084 1071 1071 1171 1185 1173 1175 1019 1022 1009 1010
vi2 1352 1365 1352 1358 1363 1349 1356 1364 1380 1368 1318 1349 1355 1341 1347 1316 1328 1319 1316
v4 1400 1418 1399 1402 13601 1413 1393 1396 1330 1331 1316 1372 1401 1415 1399 1399 1359 1372 1356 1363
vy 1425 1450 1424 1430 1428 1449 1424 1430 1428 1443 1417 1424 1405 1426 1404 1407 1398 1420 1396 1401
vy 1492 1522 1509 1504 1496 1521 1508 1504 1485 1517 1497 1499 1450 1479 1463 1460 1451 1473 1455 1453
v 1554 1574 1560 1559 1555 1574 1559 1558 1554 1571 1556 1554 1524 1545 1528 1530 1518 1539 1522 1524
vio 1609 1623 1601 1606 1614 1623 1601 1606 1601 1611 1587 1594 1615 1620 1599 1604 1598 1608 1585 1591

vy 3045 3136 3058 3059 3136 3058 3059 2314 2258 2258 3136 3058 2321 2314 2257 2258
V14 3190 3109 3109 3190 3109 3109 3189 3109 3109 2379 2323 2327 2379 2323 2321
vs 3158 3204 3124 3124 3158 3204 3124 3124 3204 3124 3124 2386 2329 3059 2386 2329 2327
VNH 3522 3367 3366 2586 2474 2474 3522 3367 3366 3522 3367 3366 3522 3367 3366

aReference 34° This work. ¢ Reference 33.

heavily distorted porphyrins do not have a planar aromatic core. reasonably large 6-31G(d) basis set. The combination of this
Nevertheless, the only detailed normal mode assignments ofbasis set with the B3LYP functional is now well-established as
low-frequency Raman bands of nonplanar porphyrins which a useful compromise between speed and accuracy in the
have been published are for NiTPP, in which weak, low- calculation of the vibrational spectra of medium-sized organic
frequency bands (discussed below) can be attributed to adoptiormolecules. Since the frequencies from these calculations were
of a ruffled (S) geometry in solutiod® The spectrum of TtBP ~ then scaled using a single factor (0.98), rather than a full SQM
(Figure 2a) displays low-frequency bands which are much more treatmeng! we felt it necessary to validate the approach. Simple
intense than those of NiTPP, which is calculated to be much uniform scaling has been successfully used previously and has
less ruffled. This means that TtBP provides a model system for the advantage that it avoids any ambiguities related to the choice
ruffling effects which is easier to study than is NiTPP, since of internal coordinate system while often giving near-comparable
the extent of ruffling and the modes associated with it are much accuracy. The most straightforward method of validation is to
more extreme. use the same level of theory for free-base porphine (FBP). The
Despite the fact that TtBP is a relatively large molecule and previously published 6-31G(d) study of FBP also included SQM

does not possess the 4-fold symmetry of many metalloporphy- scaling, so it was not possible for us to judge the extent to which
rins, it was possible to carry out calculations using the using only a single scaling factor would compromise the
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The only difference is that we assign the pairs of bands lying
at 767, 792 and 937, 968 crhin the dg isotopomer (762, 771
and 921, 947 cmt in dyy) differently from Tazi et al. (see bold
entries in Table 1). In that work, the 767, 792 pairdinwere
assigned as analogues of thg, and v¢ modes which were
calculated to lie at 948, 985 crhin do. Similarly, the 937, 968
cm~1 pair were assigned,;; andwvg, which were calculated to

lie at 1055 and 1064 cm in do. However, visualization of these
modes clearly shows that the assignment of the two pairs should
be reversed so that 937, 968 charev;s andve while v17 and

vg are the 767, 792 cmi pair. This revised assignment would
be in agreement with other work.

Figure 3. The calculated structure of TtBP. The molecule is highly  y5ying established that simple scaling of 6-31G(d) vibrational
nonplanar, with a ruffling angle of 60:8 values would ultimately give acceptably accurate frequency

accuracy of the calculated frequencies compared to a full SQM values, we used the same basis set and functional in calculations
treatment. Therefore, as a first step, we carried out B3LYP/6- on free-base TtBP. Attempts to directly minimize the full
31G(d) calculations on FBMDg, symmetry) and several of its ~ molecule did not lead to the expect®d symmetry but gave
isotopomersdy, ds, ds, anddy,) and then scaled the vibrational ~ Structures very close to this point group.

frequencies using a 0.98 scaling factor. This was a simple way Therefore the calculations were carried out on a series of input
to give an indication of the accuracy that we could expect from structures, beginning with a rigoroudB (ruffled) but unsub-

this basis set because the resulting vibrational frequencies couldstituted porphyrin core, which was geometry optimized and then
be compared to experimental valéfeand to previous calcula-  modified by addition of fourmeseCHz groups to give a new
tions that had employed much larger 6-31G(df,p)(5d83Hasis input structure for the next stage in the calculations, which was
sets and/or SQM method$The results are shown in Table 1 geometry optimization of the substituted molecule. The force
and in general there is good agreement between our simpleconstants for this optimization were read from the “checkpoint”
scaled frequencies and the experimental data, the errors are onlyile of the parent calculation, which enabled the symmetry
slightly larger than those from SQM calculations (RMS 14.9 to be retained. Repetition of this process, adding two or four
vs 8.4 and 10.4 cmi, respectively, for the earlier work).  CHzgroups in each stage, ultimately gave a full calculated TtBP
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Figure 4. Calculated nonresonance trace of TtBP (a) line widthO cnt?, intensities as per calculation and (b) line width2 cnr2. All peaks
with calculated intensity<30 A* amu have been rescaled to have an intensity of 3G/u?. (c) Experimental resonance Raman spectrum of
TtBP.
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Figure 5. Resonance Raman spectra of the TtBP isotopomers in kBr 457.9 nm.

structure withD, symmetry, i.e., a ruffled form. Frequency Figure 4a. The intensities produced by the calculation are only
calculations on this structure gave one imaginary frequency atappropriate for nonresonance conditions while our spectra are
—8 cn'L, but we feel justified in discounting this, since very resonance Raman spectra. This means that although several
low-cm™t imaginary frequencies can arise in DFT calculations vibrational bands were calculated with very low intensity (and
simply due to numerical noise. The calculated structure (seeso cannot be easily distinguished in the simulated trace) for
Figure 3) is very similar to the known X-ray structure, the main convenience we have simply arbitrarily redrawn the trace (Figure
difference between the two is that the ruffling angle is slightly 4b) with a line width of 2 cm? (to help distinguish individual
smaller in the calculated geometry (60\& 65.5). peaks) and rescaled all peaks with calculated intens&§ A*

It was important to run the calculations of the vibrational amu to have an intensity of 30 Aamu . This makes it
modes in a point group with the appropriate symmetry elements possible to see all 29 of the A bands which are expected to
(rather than using a structure that was merely izambecause appear in this region of the resonance spectrum and is justified
this simplified the assignment of the large number of vibrational on the grounds that comparison between these calculated
modes that are present. EvenDa symmetry, TtBP has 252  nonresonance intensities and the experimental resonance Raman
vibrational modes, 63 of which have A symmetry. Since the spectra is effectively meaningless and the peaks in the rescaled
experimental spectra were all obtained in resonance with thetrace are simply a visual aid for the purposes of making
Soret band, only totally symmetric A vibrations are expected assignments. The calculated trace is shown here as Figure 4a
to be enhanced. Of these 63 A vibrations, 22 do not fall within because it may prove useful when experimental nonresonance
the spectral range investigated, 12 lie at higherrsince they spectra are available.
are G-H and N-H stretches and 10 lie below 300 cin Comparison of the arbitrarily rescaled trace with the real
Finally, across the entire spectral range there are 12 vibrationsspectrum (Figure 4b,c) shows that there is a good match in both
of A symmetry which are composed almost entirely of motions the number and positions of bands. Despite this agreement we
of the'Bu substituents and which again would not be expected would not be confident in making assignments simply on the
to appear with detectable intensity under the resonance Ramarbasis of matches between observed and calculated bands, which
conditions used to obtain our experimental spectra since theymay possibly be coincidental, particularly since we have no good
are not associated with the chromophore. intensity information from the calculations. For this reason, we

The calculated positions and intensities of only those modes also recorded spectra and calculated band positions for three
expected to be enhanced under our experimental conditionsother isotopomers. The experimental resonance Raman spectra
(totally symmetric modes of the porphyrin core) are shown in are shown as Figure 5, calculated traces (with intensities rescaled
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Figure 6. Calculated data for the TtBP isotopomers. In these traces the frequencies werex@@and intensities were arbitrarily adjusted as
for Figure 4b.

as per Figure 4b) are shown in Figure 6. Table 2 brings togetherfor the dy molecule lies at 1533 cm, we have assigned this
the observed and corresponding calculated band frequencies foband as,, despite the fact that, is calculated at 1561 cm.
all our isotopomers of TtBP. Mode labeling in the Table mostly The isotopomer data confirms the assignment, with large
follows that already well-established for FBP and is straight- observed (29 cmt) and calculated (38 cm) shifts on dg
forward to derive since the vibrational motions in both substitution but negligible shifts ay—d, andds—d;o substitu-
compounds typically show very similar character. For some of tion (see Figures 5 and 6). Above 1000 ¢rthe observed TtBP
the low-frequency (“out-of-plane”) modes, the labels follow the bands are assigned to the same skeletal stretching modes that
nomenclature for NIOEP. The calculated shifts in band positions are commonly observed in planar porphyrins, such as the TPP
were obtained by inspection of the vibrational motions and are and IPP near-analogues (see Figure 2). Indeed it is striking how
illustrated for thedy/dg pair in Figure 7, the shifts betweel little perturbation of the high-frequency skeletal modes is
andd, and betweernls andd;o are not shown because, in the observed in the very highly distorted TtBP porphyrin. There
main, they are too small to be distinguished in diagrams of this are some shifts to lower cm, as have been reported previously
type (see Figures 5 and 6). for a series of increasingly substituted porphy@hisut the effect

In general, the isotopomer data confirmed the assignmentsis not very dramatic.
that could be made simply by matching the experimental bands The agreement between observed and calculated bands in the
with the closest lying calculated bands of yecompound, as high-frequency region of TtBP is further evidence (along with
shown in Figure 4 above. For exampla, lies as an isolated  the calculations on FBP discussed above) that the calculated
band at 1350 and 1354 crhin the observed and calculated frequencies obtained using a simple uniform scaling factor are
spectra. However, although the average deviation betweensufficiently accurate to be used for mode assignments and thus
calculated and observed band frequencies is reasonably smalthey can also be used to interpret the low-frequene$Q00
(~10 cnm ) some bands would be expected to show much larger cm™1) region of the spectrum of TtBP which contains the more
deviations (as is the case for FBP, see Table 1). This uncertaintyunusual features. As shown in Figure 2, there are several intense
makes assignments based on simple frequency matching beresonance Raman bands in the spectrum of TtBP lying in the
tween a single experimental spectrum and calculated data lesdow-frequency region. Two of these are also found in IPP and
convincing, which is where the isotopomer data is invaluable. TPP and are similarly assigned herevg€ca. 330 cm?) and
For example, the highest cthband in the experimental data v16(ca. 540 cm?), although the latter band is of lower intensity
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TABLE 2: Assignments of the Raman Bands of the
Isotopomers of TtBP!

Oakes et al.

that the high intensity of the 589 crhband indy/d; is the result
of Fermi resonance. Our calculations support this, since the

TtBP do ds ds dho combination of two predicted bands, at 270 and 324 cf
assignment obsd calcd obsd calcd obsd calcd obsd calcd 9ives 5914 cmt, near-coincident with the fundamental mode at
Ve 330 324 330 323 325 320 326 320 583 cnT . However, ondg and dlo_ isotopic sub§tltqtlon, these
335 335 328 328 bands shift to 267 and 320 cr giving a combination band at
Y12 415 407 415 407 390 387 391 387 587, which would not be in resonance with the shifted
433 433 429 429 fundamental mode now lying at 568 cf
Vi 549 538 549 538 539 529 539 529 The final high-intensity, low-frequency band in the TtBP
yB+yn 589 583 589 583 574 568 574 568 is ob d trand b . d
yi 655 668 655 668 604 607 604 607 Spectrum is observed at 744 cman can be assigne to a
yu-+yis 744 746 745 746 694 691 694 691 mode (calcd 746 cm) whose composition is a mixture of
795 785 795 785 767 776 767 776 mode_s pre_viously Iab(_eleyzhl(pyr foldasyn) andys (y(CmC_aH-
v7 @ 8817% 8818% 8817% 88%% 77?71 ?63% ??71 7763% mCa) in NiOEP. In this case theq; character predominates
Y7 (@ . . .
v1 (b) 902 899 902 899 751 764 751 764 rather thany,s , which predominates in the 589 c_mt_)and.
925 921 925 919 920 920 920 918 In essence, the three strong TtBP bands have similar character
925 923 925 923 922 921 922 921 and position to three of the four porphyrin ring-based, weak
Vis 18%? 1?)23 igéi 1%8175 1%9192 1%7157 1909192 1907120 bands that are also observed in NiTPP. In addition there are
Ve i ¢ -0f-
1070 1049 1070 1048 1081 1051 s¢|ever:e1l ygea;lfer ba}Pds mfttue Tth%pec(t-jr%thaé;re also out of
V7 1092 1105 1092 1105 811 809 811 gog Plane’ vibrations. Two of these (878 an are a pair
Vg 1110 1110 1110 1109 843 846 843 843 Of wprgﬂons (split by symmetry) that correspond to the
V13 1195 1201 1195 1201 1193 1199 1193 1199 remaining 652 cm! NiTPP band;y17 (y(Cs—H)sym). They are
V1 ggg ggg ggi ggi ggg ggg g%g gg? assigned ag(Cs—H)sym vibrations which are centered predomi-
V12 nantly on either the pyrrolidene or pyrrole rings. Fina
v 1350 1354 1345 1347 1336 1346 1335 1338 g a){ 655 cm?. Fi ufg 8 shows scﬁgmaticallg the di;jM Igce-
Vs 1438 1427 1438 1427 1420 1420 1420 1418 - F1g 10WS, Y L P
1443 1442 1437 1437  ments of the atoms for all six of the/* modes assigned here.
V1o 1494 1497 1495 1497 1491 1496 1491 1496 The intensities of resonance Raman bands can be used to
V1 1501 1151153 1501 1%5%3 1450 1;;‘;1 14501511%70 map the changes in geometry associated with the electronic
Vs 1533 1561 1533 1561 1507 1523 1503 1503 Lransitions lying at the excitation wavelength. In this case the

in both IPP and TPP than in TtBP. This leaves three very strong

bands in the spectrum for TtBR 1000 cn1? that need to be

assigned, along with several other weaker features.
Assignments of unusual, but still relatively weak, low-

excitation was within the Soret band, so it is the-S, transition

that is probed. (Strictly speaking, transitions in the Q-band
region are to the Sstate inD4 porphyrins, and to a pair of
close lying Q, Qy states in the loweb, symmetry discussed
here. This means that the Soret band should formally be labeled

frequency bands of NiTPP have been published and convinc-as $ or higher, but we have retained the i®menclature for

ingly attributed to adoption of a ruffled {5 geometry in
solution3® The assigned modes were named according to the
scheme published for NiOBPwhere the “out-of-plane” bands
observed at 330, 547, 652, and 737 émwere assigned to bands
calculated (B3LYP/6-31G(d), SQM) to lie at 32j71x(pyr
swivel), 54215(y(Co—Cr)), 652 y17(y(Cs—H)sym), and 732
cm 1 y11(pyr foldasym), respectively.

In contrast to the NiTPP case, the three strongest low-

the Soret state for the sake of clarity.) The observation that the
modes which are most strongly enhanced are those which
involve distortion of the G—pyrrole—C,, segments away from
their near-planar ground-state geometries may be significant
because it points to distortions in the excited state along
coordinates which are different to those found in the ground
state. In the ground state each of thg-yrrole—Cy, units in
TtBP is near-planar, even in this very sterically challenged

frequency TtBP bands that are “unusual” (i.e., not the skeletal compound, but the overall structure is ruffled because these units
stretches that are observed for all porphyrins) are very intense.are tilted with respect to each other. However, the enhanced
The assignment of these bands is relatively straightforward sincemodes do not follow this distortion coordinate but are associated

there are few bands of correct symmetry predicted to lie near
them. The lowest crit band, which is observed at 415 cin
in thedy compound, is assigned as; (pyr swivel) on the basis
of the calculated band position (407 chhand isotope shifts
(see Table 2). This is one of the weak bands reported for S
NiTPP (obsd 330, calcd 327 cr).

The next band, observed at 589 thin thedy compound, is

with twisting within the G,—pyrrole=Cr, units. In theory it
would be possible to determine if excitation also gives further
distortion along the ruffling coordinate by looking for enhance-
ment of the ruffling mode. Unfortunately, this mode;s,
normally lies well below our spectral window. In NiP it lies at
17 cnt! and the same mode is calculated here for TtBP at 32
cm~L. Nonetheless, the observation of enhancement of modes

assigned as a mode whose composition is a mixture of modeswhich involve distortion of the &—pyrrole-Cy, segments
previously labeled1 (y(CyCaHmCa)) andy11(pyr foldasyn) in suggests that these modes are important in the excited state.
NiOEP. This band has high intensity in both the natural Itis self-evident that the change in the pattern of distortions
abundance and, spectra but only a very low intensity (at 574 which follow excitation must be due to a rebalancing of the
cm™1) in thedg anddyg isotopomers. Our calculations predict electronic forces that try to maintain planarity for maximum
bands at 583 and 568 crhin the do/d,> anddg/d;o isotopomers conjugation through ther system and the steric interactions
(exactly the same cmi shift as that observed) but they all have that drive the ruffling in the ground state. Since excitation to
comparable intensity. Although absolute Raman intensities arethe S state would be expected to give rise to an overall loss of
not well predicted using B3LYP/631G(d), relative intensities bonding character within the porphyrinsystem while the steric
can provide useful information. If a dramatic change in the forces would be effectively unchanged, the excitation might be
intensity of a band is observed in the real spectra, then thereexpected to lead to even greater distortion from planarity in
would also be a change in the predicted intensity. It is possible the excited state than in the ground state. However, the distortion
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Figure 7. Calculated (a) and experimental (b) Raman spectrd, ¢gfipper) andds (lower) isotopomers of TtBP.

coordinate in the excited state need not necessarily follow that different in ground and excited states and this could lead to
of the ground state. The literature on the excited states of planarchanges in the distortion coordinate.

porphyrins in the $and T, clearly demonstrates that the changes =~ The observation that the intensities of the strongest low-
in bond strength are not uniform throughout the molecules, so frequency distortion modes in TtBP are very large, relative to
that while the force constants associated with some of the the neighboring symmetric stretching vibrations which are
porphyrin ring bonds decrease on excitation, others actually common to all porphyrins, contrasts with the situation in NiTPP,
increase>3%These changes have been rationalized on the basisin which several low-frequency vibrations have been assigned
of molecular orbital calculations. Given that the redistribution to the same modes as observed in TtBP but the bands that they
of bonding is not uniform over the entire porphyrin ring it is give rise to are of relatively low intensity. This is presumably
easy to understand that the response of the ring system to thea result of the much weaker forces driving nonplanarity in
steric forces imposed by tH8u substituents might well be  NiTPP than in TtBP, since the smaller forces would result in a
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Vib. no. 53 Vib. no. 68 Vib. no. 75
Pyr. swivel y,, CoCeH Coys+ Pyr. fold{asym) ¥,,
Pyr. fold (asym) y,,

Vib. no. 80 Vib. no. 93 Vib. no. 98
Pyr. fold (asym) v, HyCy- HyCp () HyCy- HyCyv4(b)
+ CnicmHmCu LiE

Figure 8. A schematic representation of the atomic displacements for all six ofythentdes of TtBP assigned in this work. The radius of the
circles indicates the magnitude of the displacement, filled and open circles indicate displacement away from, or toward, the plane of the page.

smaller change in geometry along the distortion coordinates on However, the strong distortion does have some striking conse-
excitation and therefore lead to lower enhancement. guences, most notably in its unusual photochemical behavior,
Finally, the role which excited-state distortions play in which is believed to arise from the ease with which the distorted
modulating the photophysical properties of nonplanar porphyrins molecule can undergo conformational changes in the excited
is the subject of considerable discussion in the literature. state, although the exact nature of these excursions is unspeci-
Typically, nonplanar porphyrins display markedly shorter fied. In this context, the observation of several very intense low-
excited-state lifetimes than planar near-analogues, for example frequency bands in the resonance Raman spectrum of TtBP is
the S lifetime of TtBP is 51 ps compared to 15 ns for TP§%:8 potentially significant. We have assigned these bands using a
This dramatic lifetime reduction is normally attributed to combination of DFT calculations and isotopomer data and found
conformational interconversion in the excited state, a model that they involve folding and swivelling of the pyrrole rings.
which has grown naturally from the observation of ready This contrasts with the distortions of sterically congested
interconversion between different conformers of some nonplanar porphyrins in the ground state which normally involve motions
porphyrins in the ground state and the fact that in those distortedalong the porphyrin ruffling, saddling, or doming coordinates.
porphyrins where some luminescence can be detected, the Stokes
shift is anomalously large. The results shown here, although Acknowledgment. R.E.O. would like to acknowledge the
they map the Srather than the Sstate, suggest that the financial support of the McClay Trust (QUB) and the Crowther
conformers accessed in the excited-state manifold need not beFund (Open University) which enabled her to carry out this
generated by more extreme excursions along the same distortiorwork.
coordinates that are followed in the ground state, but may
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