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e
A series of zinc meso-tetraaryl ‘porphyrins (aryl = phenyl, ' 1'- and’
2‘-;aphfhyi;'é9'-§hbnanthryi;lhﬁd i'iﬁironﬁl) has ’ bd‘ﬁ'sinthiiifid'\aﬁdr'
‘chir;éfiriiédrﬁy"nné ss;éibsiéaay; The bulky aryl groups are unable to
lie coplanar with the porphyrin nucleus and restricted rotation around the
C-C connecting bond causes atropisomerism. Photophysical properties of
the porphyrins are modulated somewhat by the nature of the aryl group, for
excitation “directly into the porphyrin nucleus, and 'ilthougﬁ “singlet
energy transfer occurs from the appended aryl hydrocarboh to the porphyrin
it is iiéé-ploto for 9'4pﬁoninthr§i and 1'4p§ronyi'dorivativo§.
. o s

" Increasing use is béing made of porphyirin derivatives as models’ for
the energy and oidétr&ﬁ‘trinifbrrihg subunits present in natural systems
and ‘to’ explore the possibility of constructing artificial photosynthetic
machinery [1]. An important feature of such studies involves the ‘design
and synthesis of porphyrin molecules with appended donor or acceptor
groups that facilitate rapid transfer of photons or electrons.  In order
to obtain rates of transfer suffiéiently fast that they ééﬁpotb‘ with
inherent nonradiative deactivation of the excited states, the positioning
of the réactant subunits must be optimised with respect to both separation
distance and Grientation; it is well established that rates of transfer
depend critically upon both parameters [2]. This wmeans that the

connecting bridge must be selected with care and it is especially
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important to avoid flexible linkages that favour adaptation of multiple
conformations exhibiting widely different separation distances. The
employment of rigid spacer groups to separate donor and acceptor moieties
[3] or the use of multiple bridgeées to connect together single

donor-acceptor upits. [4] oyerqomes such preblems b

. qt thQ,w,ﬁpoqao of

synthetic simplicity.

The difficulty associatpd uith 1dontifyin¢ suitabl, bridges can be
avoidod by attaching tho‘ socond -olpeular subunit .directly to the
porphyrin ring b?t;¥h1fh!§y‘°?"!Q”1°??;?f‘-°1‘°2;!f 19t’qr§5¥,§9gh that it
is no longer correct to doséribc the system in terms of‘soparato subunits.
This is a particular problem for eloetgpg,ﬁr-nsfor processes; benzoquinone
molecules bquqy‘rd;rogtly, tqi.t?Q,PQPPh¥$iﬂ, ring do not rpta%g Lt?o
chqggctqriatiq ‘propqrtios of a simple quinone hqtv tﬂq uholqu entity
funct;qq;vys a -odifi.d porphyrin, as do-onstratod by pnlqo radiolytie
rodqction qtuQigg [5). Houovor, this situation should be bonoficial for
onorgy_gfqufor processes in uhig@\d?gor groups are bound‘kto g;pprppyrin
acceptor. In this paper w.'dq;cribobthq photqphygigg})Proportgpqiofrp;fow
zing;tgtraagyl porphyrins ;nthich rapid energy transfer occurs from ;ho
aryl hydrocarbon substituent to the porphypin, ; _ ‘

Related ksysto-s _ havp; p?onw ;tud;édh ”bpfqro.  Thus, .:E?“Q(II)
tetraphenylporphyrin i, and its numerous derivatives, has been known for
a very long time [6]) and it has b..n charactorisod in great detail. The
phonylvgroup hgs boon"rgp;-c-d with 1'-naphthy1 (7, 8], 71f—ggthryl [9],
S'fggﬁhry13[7],;and‘ fqgroqpnyl,[10] groupsvuhi}gt tpq.tgyrrolé ring;_havg‘
been extended to generate benzoporphyrins [1?], phthalocyanines . [1?]Vand
nap@;palocyaninqy:[}3l. »quont_ ;tudiog havp on;argpg‘tho, eon;rgihcgyity
by forgipq saPphyr;ns h[14]‘§nd texaphyrins [15].  In most of;thQ§;icgsog
thgdghqtqphys§¢-;fprgport;os_pf,tho porphir}n are changed markedly byyﬁhg
synthetic treatment, oftqn);hg excited states are pushed to -ugh ;qy.r
energies. Horo,‘u.‘>grq cpne,rn’d pith rogaipingftbp ng;g‘prpportips of
the ’z;ngzporphyqin (i:g.qthql)higb yield gnd‘,ngrgy;}qg;th? loqg—IQYQd

triplet excited state) whilst using appended aryl hydrocarbons to collect
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high energy radiation and transfer it to the porphyrin moiety. This:is a
very cruds imitation of the natural light harvesting cosplexes.
Genersl

- - Pyrrole,: the various aldehydes, propioanic scid and spectroscopic grade
sclvents were: obtained from: Aldeich Chem. Oo. and used:  as. received. -Al} .
materials for chrometography  ‘were obtained frowm-BiD.W. Chem: and-used as
received. Absorption uwnd fluorescence: spectra were recerded with  a-
Howlett - Packard HP: 8450A spectrophotometér snd. a Perkin-Elmer ‘185
spectrofluorimeter respectively, cerrected for instrumestal responses as.
neceossary.  Hi-Nmr and C13-nmr spectra. were recerded in -CDCla solutions
using GE  QE-300 and GE  QGE-800. instruments. All compounds gave
satisfactory elemental analyses for G, H, N, and Zn on the assumption that
the isolated materials were the monohydrates and FAB-mess spectrometry was
used to confirm the molecular: ions.  'Thé sssighéd structures 1 were in
full accord with all the spectroscopic data and tlo'on-silica .gel using
heptane + CH2Clz 3 + 1 as mobile phase showed the presence of a single
component  (Rr values: 1 0.28; ‘2 .0.27;...3 0.19; ‘4 0.23; 8§ 0.15).
Samples were purified by tlc immediately prior to saking the spectroscopic’
measurements.

¢ Materials

Compound 1 was obtained from Midcentury Ohem. Co:. and purified by

column chromatography on alumina using . CHCl3 :as eluant and subsequently.
recrystallised frow hexsne <+ CH201l2. Zinc(II) wmeso-tetra(l'-—naphthyl)
porphyrin 2 was prepared and purified:by -the méthod of Abraham et al.
[8].  Zinc(I1I) meso-tetra(2'-naphthyl) porphyrin: 3 was:  prepared as for -
2  and récrystallised from: hexane +  CH20X2. ‘Zinc(IIX) -
meso-tetra(9'-phemanthryl) porphyrin N and’ zine(II)
meso—-tetra(l'<pyrenyl) porphyrin 8§ were prepared and- purifed by the.
general metiiod established by Treibs and Hadwerle [7). With::all these
compounds , ‘éxtensive columm chromstography on silica gel . using heptane +

CHCl3 was ‘espployed to remove residusl traces of aryl hydrocsrbon.
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‘Methods

Absorption and fluorescence spectra were recorded for extremely adilqt‘ "
solutions of 1-8 in cyclohexane .and . fluorescence quantums yields were
dotermined relative to 1 (®#,= 0.033) [16]. Singlet excited.  state
liTetimes ‘were recorded for the sbove solutions using a mede-locked Nd-YAQ
synchronously-pumped cavity dumped dye laser using Rhodamine 6@ as dye and
the output: was anhalysed by - the time-correlated: single photon ' counting -
technique. ::Flash photolysis ' studies were made with a @-switched Quantel
481 Nd-YAG ' laser using 532, 355. and 266 nm excitation as: sppropriate.
Solutions were adjusted. to possess an absorbance of ca.. 0.1 .4at  the
excitation wavelength :and were bubbled with N2. Laser 1ntonsit:l.uvmro'
attenuated using crossed—polarissers and:the reported data were obtained at
low intensity. Triplet extinction coefficients were obtained by ' the
complete conversion method. -

Structursal inforsation

X-Ray data  ‘collected [17]  for crystalline 1

show that thes zinc(II) -
ion in the square-pyramidal configuration is displaced by ca. 0.2A from
the basal plane of the N-atoms towards the coordinated water molecule .at a
distance of ca. 2.20A. Steric repulsion between the pyrrole and ortho .
phenyl H-atoms prevents the meso-phenyls from becoming even approximately
coplanar with the porphyrin ring; a situation considerably aggrevated: by
substitution at the ortho position of the phenyl ring -[18]. In the solid
state, the meso-phenyls lie at an angle of ca. 600 to the plane of the
porphyrin ring and caleculations [19] have suggested that the groups are
only slightly more coplanar in -solution. Despite this - .obvious
nonequivalence of - ortho and meta H-atoms on the phenyl rings, the nmr
pattern observed -for 1 in. CDCls solution at 300K .is - remarkably simple.
The Hi-nmr spectrum. can be interpreted easily, values of 8.95, 8.24, 7.78
and 7.73 ppm downfield of TMS ‘are attributed to G2  and G3, ortho—, meta-
and para- phenyl protoans respectively, and in the.C13 spectrum all seven C

resonances can be observed; Ci1 and C4, C2 and Ca, Cs, ortho—, weta-, para-
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and quartenary pheayl G atoms ars observed at 150.2, 132.0, 121.1, 142.8,
134.4, 126.5, and 127.5 ppm respectively. The chserved averaging of the
appgarently nonequivalent sipnals can arise either fro- rotagion around the
mes0 ‘C—-C bond or axial ligand exehange occourring on the e timescale;
systematic ‘studies - [18] carried : out with = various substituted
tetraphenylporphyrins indicate that rotation around .the meso C-C bond is
to be expeoted in }. Thus, the pheayl groups in 1 can . be regarded as
being dynamic. o

:With ‘3, - where the  naphthyl substituent - is connected: to. the. .meso C
atom at the 2'-position, the nmr pattern remains simple and a single set
of resonamces is observed (Figure 1). In the Hl-ner spectrum, six clear

signals were resolved; the C2 and C3 protoms being ecasily recogaized st

Figure 1. Hi-nmr .spectra reeorded: for (a) 2 (b) 3 (o) 4. and (d) §
in ;68G1a -solution.
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8.96 pPpm. ' The naplithyk protons were sssigned - oW the basis of = 01"y Ca'y-
Ca*,” Cs* . ‘oind O¢', dnd - Og* and Cz' protons  being loceted at .§.09, 8.41; -
8.00, ' 8.19, and ' .70 -ppa’ respectively... 'In:the OS1i-nmr epectrus; . all:
thirteen signals weére rTesolved with:the' cqm C4, 02 and'Cy, and:Cs"
signals being locsuted at 150.4, 133.4; and 121.1 'ppm respéctively.: .The:
ten raphthyl’ C " 'sigrsls ‘were tentatively ‘aseigned as 140.3, 132.F, 132.6,
126.7; '126.0, 128.:4, '126.5, 126:9, 132.1, ‘and - 13Z.2 ppm for Of' . to Gro%
respectively. The relative simplicity of these patterns  infers: that
atropisomerism ~ dows ‘not odour - in '3 dus to " rotation around !‘the :'C-C
linkage. ' B T ST e T

*In ‘marked dontrast; ~ the inmr pattérns . cbserved - with: 2, wWiere : the "
naphthyl substituent ‘is cannected via the 1*-position, ‘are complex:(Figure
1). The corresponding spectra obtained for the free-base analogue of 2
remained simple [8] and were intorprotod. sélch fimlj.ngs infer that 2
demonstrates atropisomerisms boéauso of \ rostriotﬂ rotation around the
bridging C-C bond. lThis 4’hypothos§ls 1'3 stron?thincd Qy tho observation
that the G2 and C3 protons are shifted ‘to 8.56 ppm du. to shielding by the
adjacent naphthyl group. This shielding effect suggnta that the naphthyl
groups are angled to the plino' of the porphyrﬁn"rihg; 's'o' as to overlay the
pyrrole group. ) ,

Nmr spectra recorded for 4 and § are complex (Figure 1). In the
Hi-nmr spectra, signals attributable to the cé and Ca protons are split

1 and 2;

and, and in the e-iﬁ of 8, shifted upfield with rosin‘et to
the signals being centred at’’ 8.95 and 8.80 pp‘_ fo:- 4 ind -3
respectively. This S;IW”t. . that atropisomerism p;orsistis@' for both 4 and
S but that, in cDC1s abiut:lon, 4 adopts 7  ﬂ’istqu‘cgn-o with the

phenanthryl substituontg vm;”l.’oat ’porpcndieular‘ td .:tho”? iaorphyrin ring.
The magnitude of the .qﬁifti';ﬁgéwod‘for 8 inf.ri ftlitf,’ hdro, tpo pyrenyl
group is clos,,m but ;lot qu:llfi; porpo;ldj;gular to.tho plane of the porphyrin
ring. These "‘su;gostod structures for 4 and § have not been confirmed
by X-pay diffiaction results but such studies aré planned ™ Soom

C13—-Nmr spectra recorded for 2, 4 and 8 in CDOl3 “sélution  ‘could:
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not -be - interpreted: fully but the §1 and C«; Cs, and bridging: substitusnt G-
sigaals were resolved in-ecach ¢ase. The observed -shifts wers consistent:
with the stryetures suggested on the basis of the Hi-nur spectrs. ..

In common with  the- other.dompounds, the - ‘absorption spectrum recorded
for 4 'in diluté oycldhexans - solution (Figure 2) shows three regions of-
interest; namely, the series of Q-bands located: between 480-600 nm, the:
intense B-band located at ca. 420 nm, and the UV region: containing bands-
associated with the aryl hydrocarbon substituent and weak N- and L-bands:
arising from the porphyrin.ring. The O- and B-bands . refer to excitation
into the first and ‘second éjicited singlet stil:cs of the’ porphyrin molecule
respectively and ‘their lociation and intensity are affected by the nature
of the aryl substituent. ‘Spectroscopic details ' are cocllected in Table 1.

It is ' seen that as the ‘nuaber of aryl rings on the substitewent (n)
increases thé B~ and G-banids move towards ‘Iower energy, the energy gap
between 8~ .and -Q2-bands 'decreases, the: molar extinetion coeffiocient of the
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Figure 2. Absorption spectrum of 4 in cyclokesame solution:
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B-band. decreases whilst that of the Qo-band increasés, aind the half-width:
of the: B-band 'increases. "These spectral ‘changes indicate that-the larger.
aryl hydrooarbon: substituents 'induce increased ‘m:um:;sm*tndﬁ tUu
singlof states of the porphyria molesule. - It sppears:that as w increases
the: 8084 ‘transition, which is:only  partislly-allowed bécause: of parity
restrictions, steals intensity fros the more.favourable $e—8$2: transition.
Table. 1. lAbsorption spectral details ‘for- 1~8 measursd: in  :dilute
cyclohenane:solotion.

omp. i n . PO . g e R

- {nm) (M- om=1) (riim) (M-1 cm-1) . (nm) (M-tow-1)

141 416 597,000 .. 548 22,700 .. 584 2,900
2 . . 2 422 589,000 . .548 23,500 584 . .2.020 :
3 ..2  i. 424 - 568,800 @ 550 - 23,190 . 8590 ..5,580 -
4 3 : . 426 554,900 = 560 28,740 = 888 2,800 -
8 .4 . .a32- 421,900 . 552 31,270 590 4,850

-The . fluorescence. profiles, meastred in dilute cyeclohexane solution, show
good mirror-symmetry with the corresponding absorption spiétr; in the
G-region and fl‘uﬁrueoneo rate constants (kf) were calculated from the
integrated spoctri (Table 2). It is seen that the r.d:lntﬁi r.‘;to
increases slightly iwith increasing n. Fluorescence qu‘ntu. yiolds (lé )
and singlet excited state lifetimes ( 1, ) also increase with ilpél‘ihsinﬁ n
and, here, the changes are more pronounced; it is clear that ‘the
substituent has mbre effect upon the rate constant for mhﬂi.tiyo
deactivation of the singlet excited state (knr) tham it h-§ upoﬁ k. |

For 1-8, there is good agreement between corrected }ox'@:ltation
spectra and absorption spectra " throughout the entire Jisibio- rogiq’p.
Thus,‘ excitation into both G- and B-bands results in .o'si'éntial;ly
quantitative eon\(orsion into the first oxeitod singlet st‘-to.“ Very '.‘.l
fluorescence can "bo‘doto_'cfbd " from the soéond siqgl.t eoxcited state but
this is a -inor process ( 'f’ ca. 1_]0—4).”_ In addition, oxeit-tidn into the
B-band gives rise to some hot fiuorooconco around 570 na but, again, this

is not an important prosess:
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Triplet differsnce: speoctra were  reoorded . for. 18 - in: Na-purged
cyclohexane . for excitation st 532 nm. - -The: apparent  msexime in: -the
difference: spectra were found to depend: upen the. nature .of the aryl
substituent, .occurring at 470, 484, 476, 467, and 472:.nm respectively for
1-8, but . the. actusl spectral profiles remained similiasr to those
published for 1 mo,zﬂ. .Triplet lifetimes remained independent .of .the
substituent and. -were-ca. 0.25 ms; this limit being: .set by the: level -of
residual oxygen remaining in the solution. At high .  laser intensity,: the
triplet state .decayed vis second order kinetios.dwe to . triplet - triplet
annihilation; the bimplecular rate constant for - this process Ininm.(;.ﬁ +
0.5) x 109. d#?¥ wol~?. s-1 for --3-B. Molar extinctien coefficients
deterained at. the absorbange maximus for each compound fell. within the
range. (74,000 + 10;000) MN-1 om-1.but - were .characteristic of n:. Using the
experimentally. determined valyes and with .. ] .as .standard [22], quantums
yields  for formation of the triplet state (—:.' ) - were measured :(Table 2).
It is seen :that -the triplet yields remein similar to that of -1;
certainly there are no marked decresses in the efficiency for forsmation of
the triplet manifold as-the size of the aryl substitueat is increased.
Table 2. Photophysical - . .properties measured for 1-8 in .Na-purged

cyclohexane solution..

omp n.. Louke knrooo o tg . Ry Q.

oo o (19-7-8-1) (10-8 s-1). - (ps) CrE s s gt
1 1. . 4.7, . 8.2, .. ..1.8 - . 0.033 . .0.83 . .
2 2 1.9 3.7 2.55 .. 0.084 0.81.

3 2 1.9 2.3 .. .54:08 : _..0.089 .. .08 ..
4 3 20.. 1.9 .  a.77 . .0.103 - 0.89

8 . 4 L. 2.8 1.9 ... .4.82 : .= 0,102 . . 0.85 .

The most significant change that aceompanies replacement . of = the
mese-—phenyl im«,z:mth?a_lam aryl - hydrocarbon.is the-incresse in the
fluoregcence «nohh This increese-is due to an increase in k+, assoviated
with the ﬂom spectral changes described: earlier, and a decrease in
kar. -$ince the  efficiency for formation of. the triplet . state .is  mot
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sorioisly changdd throdghost' ‘the series, despite the:decreate  in knsy, it
dppears that ‘the “rate' ‘of ‘internal -convérsion from: the :first:zexcited
singlet state -muit be ‘decreasing.  For 1} internal: conversion scoounts
fof some. ‘14% of the’ photon .balance but’ for 4 and § ‘it iscreduced. to.a
negligible amount. Normuily, internal comversion ocours vis vibrational
relaxation :through high energy wodes (e.g. pyrrole C-H  bonds):and. ‘any
factor affedting ‘these -modes éan modulate - the ~_ofﬁeion‘o,»woff’»‘rltlntoml
conversion. - Orbitéls an’ the -1arge: aryl -hydroearbens: '‘comeinte :close
proxisiity with the pyrrele N dtoms and, probably; affect theie:ibility. to
dissipate - electronic eénérgy ' via vibrational -degrées: of ‘freedem.  'Even
allowing  for decreaséd:  rates: of internal conversion, there is alsdé a
decreass. -in the rate of intersystes<crossing:  :upon': replacemeht of  the
phenyl. group snd this must:: relate to: symmetry chahjes’ induced by i'the
porphyrin nucleus scotumodating the larger méso-substituents.

For 1-4  the quantum-yields for formation  of the triplut’ stite were
essentially identical for excitation at 532 or 355 “nm. 'Both wiveléngths
correspond to : excitation into the ' porphyrin nucleus and; ‘slthough there
are minor losses in photons due to hot:fluordscence; it asppears - “that
relaxation to the first -excited singlet’ state predominates.  “For '8,
excitation at 355 nm resulted in less efficient formatien of the tiriplet
’stato (8= 0.69) with respect to excitation st 532 nm. ‘Here, the pyrenyl
group absorbs at 355 nm, but not 'at 532 ‘ni, and ‘it’would appear that
internal ' “transfer of electronic -energy from the si’iut:ltuontv to the
porphyrin’ ring is incomplete.

Excitation into the aryl hydrccarbon bands

For 1-8‘' excitation with a laser pulse “at 532, 358," or 2668 nm gave
rise to ' identical triplet diffeféncée spectra, in no case was there any
iﬁﬂiéition:ofw a ‘triplet  state - 'being localised on ' thé aryl hydrécarbon
[23]... Only- for-: §,- where ‘the  : aryl. substituent . abseorbs at : longer
wavelength, did the triplet yield decresse  for ‘éxcitation &t 385 ' na
relative ' to 532 nm.. Attedpts to messsre triplet  yields: for 2688 nm

excitation . gaveé  inconsistent reésults  and, in 'ordér” to- evaluate the
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of'ficienty of - iwterwsl ewergy ' trensfer, fluoreicesce excitaties spestra
fLuoresdende - Scitetion end grownd stete sbecrption .epettrs. remsined
excellent in ‘the vange IT0-600 na. : Inthe UV regicn; . however, .

i

R R A )

g

g

Figure®3. (&) Fluorescencd ~ enbitetion and '(b) ground . state sbsdrption
spectra recorded for 1-8 in d11Uts DNZCL2 solutiok.
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disorepancies ' ‘appeared-(Figure 3). For 1=3 the disorepancy. was . quite.
minor, at least down to 250 nm, and might reflect incomplete m.ptm of,
the - excitetion speé¢tra. . - Forithese -compounds, . the sbsorhance .pbserved
betwean 250370 nm corresponds to: N- and L- transitioma  lacalised on the
porphyrin nucleus and to (1, TI%) transitions associsted with the aryl
substituent. It appears that excitation into the N- and L-bands does not
result in quantitative relaxation to the first excited ‘singlet state but,
within the accuracy of thos‘ oxpori.ohts, there is no ind:l.c.&iou ‘that
photons collected hy‘ the ‘substituqﬁ't. are not transferred to the ponljhyrin
nucleus. o . ‘

For &4 and 8, there is quite poor agressent between sxcitation and
absorption spectra in the UV region " (Figure 3). Subtracting the two
spoejtrl ‘giwes a .residual spsctrum ' that  closely resemsbles that
ehanctoris!:ic 'of the aryl hydrocarbon, inferring that transfer of
excitation energy from the phenanthryl and pyrenyl suhstifuol_‘ts ‘to the
porphyrin nucleus is ine;wlot.. Excitation in the UV rog:loc‘ does not
produce high energy fluorescence attributable to the aryl substituent,
indicating that the -bsorbpd photons are dissipated via MMhtivb
relaxation. . o

Guestions now ~arise as to why 1ntorhoi'romation is incomplete for
4and 8 and, 1n th“o cases, ﬁmt is’ the fatée of the “lost™ photons.
The rate of relaxation can be related to the Fermi golden rule which
expresses the rate as the product of an oloetmj.c coupling term (V) and
the Franck Condon weighted density of‘ states. Changes in the
stereochemistry of the molecule will have a profound influence upon V and
it seems probable that this term will be lo'u" where the aryl substituent is
held virtually perpendicular to "tln plane of tliq por;hyrin ring. Thus, it
is reasonable to oxpoef ’»l"i'lga't:lvyly slo- internal relaxation in 4 and
5. For relaxation 'to be incomplete, howsver, there must be some
competing fast nonradiative process that couples the reactant state to the
ground state.: The details of this .coupling process is unknown but will be
further investigated using metallo derivatives of §.
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* Dusrinif this work it was noteéd that excitation at high' -energy -in the
presence of halogemnated solvents caused oxidation of the porphyrin ring.
This ‘is & ‘wavélingth dependuit’ reaction, probudbly invelving: a. CTTS
transition, but it is not the origin of the inddmpleté 1iteraal rélanstion

observed here.

The CFKR is' operated jointly by the' Univerdiity of Tixas at Austin and
by the NIH under the Biotechivlogy Researéh: Yeéhnéltgy Program of the!
Division of Reséarch Resources (RRODESS).
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