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The infrared and resonance Raman spectra are reported for nickel and zinc tetraphenylchlorins. It is found that the IR and 

RR spectra become more complicated compared with the corresponding porphyrin analogs due to the symmetry changes. 

Some vibrational parameters like the core size and the symmetry change are examined in accordance with vibrational spectra 

of other type of chlorins.

Introduction

The vibrational spectroscopic studies on the metallopor- 

phyrin through infrared (IR) and Raman spectroscopies have 

been actively carried out for the last 10 years.1 The metal- 

loporphyrins are model compounds which have been extensi

vely studied in vitro to understand the nature of chemical 

bonds or the geometrical structure of macrocycle molecules 

and the electron transfer reaction or O2 transfer mechanism 

in photosynthesis.2 In metalloporphyrins the transition metal 

is inserted into the center of the extended aromatic ring; due 

to the long conjugation bond, there is a very strong absorp

tion band in the visible range (Figure I).3 The d orbital of the 

central metal has a strong effect on the vibrational structure 

of the metalloporphyrin; consequerHly the spin state, the ox

idation state and the size of the metal or the axial ligand ef

fect have been examined relatively well through vibrational 

spectroscopic studies.

In metallochlorins the bond of one of four pyrrole 

rings of the metalloporphyrin is saturated by hydrogens (Fig

ure 1). Metallochlorins contribute to the biological catalytic 

function not only in chlorophylls but also in the prosthetic 

groups of various heme proteins, like metalloporphyrins.4'8 

Some resonance Raman (RR) and IR spectroscopic studies 

on chlorophylls,9 bacterial cytochrome 6?,1042 leukocyte 

meyloperoxidase f 7,8 bovine spleen green heme protein8 and 

sulfmyoglobin6 have been reported. For the model com

pound, reports on RR spectra of M(II)OEC,13'16 Ni(II)TMC17 

and Cu(II)TPC17 were published by several groups and quite
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Figure 1. Inner n electron conjugation pathways for a metallopor

phyrin and a metallochlorin. a,b,m denote different carbon positions 

respectively and M respresents a metal.

recently the problem of assigning the chlorin vibrational 
spectrum was addressed by Bocian et *어 However, if the 

criteria of distinguishing between the porphyrin and the 

chlorin RR spectroscopic parameters are to be widely ap

plicable to the verification of the presence of the chlorin 
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tor. Chromatograms were recorded on Bausch and Lomb 

Omniscribe Recorder. The detection wavelength was 254 

nm and the sensitivity was set at 0.05 AUFS. The chart 

speed was 1.0 cm/min. and the flow rate of mobile phase was 

1.0 mZ/min.

Standard Solutions. Compounds were first grade or re

agent grade chemicals and were purified by simple distilla

tion or recrystalization. Standard solutions were prepared by 

dissolving the compounds in HPLC grade methanol and then 

by removing the particles greater than 0.5 以m with Waters 

Sample Clarification Kit.

Mobile Phases. For mobile phase, HPLC grade metha

nol and water were mixed by volume ratio. Each mixture was 

allowed to equilibrate for 1 hr. and then filtered through 0.5 

必m Millipore organic filter. The gas bubbles in the solution 

were removed by vibrating the solution for about 20 min. in 

an ultrasonic bath.

Stationary Phases. Two columns were used: a 3.9 

mm x30 cm Waters p-Bondapak C18 column and a 3.9 

mm x 30 cm Waters ^-Bondapak phenyl column.

Measurements. The retention of s이ute is expressed by 

capacity factor, k'

i,/ =£艮二虹

to

where tR and t0 are the retention time of solute and methanol 

peak, respectively.

Results and Discussion

Two assumptions were made in this study. First, we as

sumed that solute-mobile phase interaction contributed more 

to the solute retention than solute-stationary phase inter

action did. Therefore, we only considered the interaction be

tween solute and mobile phase. Second, we assumed that the 

solvent molecule in the vicinity of the solute was different in 

behavior from that of the bulk solvent molecules.

So far, the parameter, which has been used to predict the 

solute retention thermodynamically or experimentally, des

cribes bulk properties of solutes or mobile phases. But, it is 

not appropriate to explain the solute-mobile phase interac

tion with such bulk properties. Therefore, this study con

sidered the parameter which represent the change in interac

tion between solute and the solvent molecules adjacent to the 

solute as the mobile phase changes. The correlations of di

electric increment-solute retention and mixed solvent solubi

lity parameter-solute retention have been examined. The 

retention data of benzene and substituted benzene at dif

ferent methanol compositions are shown in Table 1 and 2.

The Effect of Dielectric Increment on Solute Reten* 
tion. When the polar solutes were added to the solution, the 

polarization phenomena were used to present the solute-solu

tion interaction. Clausius and Mosotti4 expressed the interac

tion between the external field and the polarization of the 

individual molecules. Onsagar5 considered a molecule in 

solution as a cavity formed in the medium which has a homo

geneous dielectric constant and determined the local field of 

the molecule.

When small amount of polar solute is added to the solu

tion, the dielectric constant of the solution is given by the On

sagar equation as

where e ' is the dielectric increment, 7 and e 2 are the dielec-

Table 1. Capacity Factor (A:/) of Monosubstituted Benzenes 
on p-Bondapak Column in CH3아System

Substituted 

group 90 80

%CH3OH

1070 60 50 40 30 20

Benzene 0.68 0.98 1.86 2.38 5.00 10.15 14.52 20.77 33.70

CH3 0.81 1.26 2.68 4.40 10.58 21.39 — — —

C2H5 0.91 1.41 3.78 7.10 17.60 — — — —

F 0.63 0.93 1.93 2.81 5.71 12.42 — — —

Cl 0.80 1.26 2.78 4.54 10.00 26.77 — — —

Br 0.83 1.37 2.82 5.15 12.17 31.08 — — —

I 0.89 1.52 3.45 6.50 16.00 44.58 — — —

OH 0.46 0.53 0.78 0.98 1.68 3.05 4.10 6.36 10.78

nh2 0.39 0.51 0.76 0.84 1.33 2.24 2.83 4.40 7.49

CHRH 0.47 0.52 0.83 0.98 1.68 3.03 4.43 7.13 13.04

on ^u-Bondapak Phenyl Column in CH3OH-H2O System
Table 2. Capacity Factor (&') of Monosubstituted Benzenes

Substituted

group

%CH3OH

90 80 70 60 50 40 30 20 10

Benzene 0.13 0.26 0.51 0.87 1.65 2.97 — ——

ch3 0.16 0.33 0.68 1.28 2.75 5.21 — ——

c2h5 0.18 0.39 0.88 1.84 4.44 10.28 — ——

F 0.13 0.26 0.52 0.92 1.82 3.53 — ——

Cl 0.16 0.33 0.71 1.38 3.00 6.75 — ——

Br 0.18 0.39 0.79 1.57 3.60 8.50 — ——

I 0.20 0.43 0.92 1.93 4.85 11.13 — ——

OH 0.07 0.14 0.25 0.39 0.86 1.27 1.82 2.23 3.16

nh2 0.12 0.16 0.29 0.43 0.93 1.46 1.68 2.89 4.22

CH2OH 0.08 0.14 0.26 0.41 0.71 1.48 1.90 2.72 3.63

+ *-1)挣?.+丄)-(£1 -1)〕編G (1) 

_「(巳一 1) (2小+1)

T 2s 矗 (2)

trie constants of solvent and solute, respectively. v2 is the 

solute m이ar volume and C2 is the solute molarity. The di

electric increment, sf describes the change in dielectric 

constant occurring between the solute and the surrounding 

solvent molecules in solution. It is a characteristic value of 

the solute in the system.6

The relationship between the solute retention 거nd the di

electric increment, was examined in Figure 1, 2 and 3. 

The plots have been obtained using the ju-Bondapak Cis col

umn as the stationary phase and water-methanol mixtures as 

the mobile phase by varying composition of methanol from 

10 to 90%.

The solutes examined in Figure 1 are phenol, aniline, and 

benzyl alcohol which form strong hydrogen bonding with 

methanol-water mixtures. The solute-solvent hydrogen bon

ding causes big increases in the dipole moment of solute by 

solvent effect which affects the electron migration.7 From 

electrostatic considerations, the layer of solvent immediately 

surrounding the solute is made up predominantly of solvent
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Figure 1. Relationship between dielectric increment-e*) and Ln k' 
values of phenol(«), aniline(^), and benzyl alcohol(B) on the u-Bon- 

dapak C18 column.

Figure 2. Relationship between dielectric increment (-&') and Ln k1 
values of benzene(«), toluene(▲人 and ethylbenzene(B) on the 

u-Bondapak C18 column.

mixture constituent having the higher dielectric constant. 

Therefore, the shell of solvent constituent of higher dielec

tric constant serves to act as an electrostatic shield and thus 

decreases the effective dipole moment of the solute.8

When the solutes in Figure 1 form hydrogen bonding with 

methanol-water mixture, the solutes act as a proton-donor 

and methanol acts as a proton-acceptor. Thus, an increase in 

methanol composition in mobile phase leads to stronger hy- 

dro용en bondings and a larger dipole moment. Since the di

electric constant of mobile phase becomes smaller as the me

thanol composition increases, the effect of dielectric constant 

on the dipole moment will decrease compared to the effect of 

hydrogen bonding on the dipole moment. Therefore, the ef

fective dipole moment of solute increases. As a result, increa

sed Keesom interaction between the solute and mobile phase 

decreases solute retention.

However, at compositions less than 60% methanol, the di

electric constant of mobile phase becomes bigger and the hy

drogen bonding between solute and mobile phase becomes 

weaker. As a consequence of shielding effect of bigger di

electric constant of mobile phase, the effective dipole mo-

Figure 3. Relationship between dielectric increment (—") and Lnkr 
values of fluorobenzene(e), chlorobenzene(A), bromobenzene(o), 

and iodobenzene(A) on the u-Bondapak C18 column.

ment of solute will become reduced and a decrease in 

Keesom interaction will occur. As 아lown in Figure 1, the 

rate of increase in retention increases sharply compared to e' 
above 60% methanol.

The dielectric increment, is related to Keesom interac
tion8 by

/=表〔20.6 x ]()七扳_ syy u+可(3) 

where^/z is the scalar product of the dipole moment,^ of the 

s이ute and dipole moment, p. of the solute and its 아】ell of 

neighbours, beyond which the dielectric constant equals the 

macroscopically observed dielectric constant. e0 is the dielec

tric constant of the solvent, v is the molar v시ume of the 

solute and 2? is its molar refractivity. Therefore, a decrease in 

dielectric increment also decreases Keesom interaction. In 

general, the decrease in methanol composition increases di

electric constant of mobile phase and thus decreases dielec

tric increment by eqn.(3). The solvent shell of increased 

dielectric constant causes an increase in electrostatic shiel

ding effect and thus results in a decrease in the effective 

dipole moment of solute. As a result, Keesom interaction is 

reduced and thus solute retention is increased.

Figure 2 and 3 are the plots of alkylbenzenes and haloben- 

zenes, respectively. Since these solutes do not form hydro

gen bondings, only the dielectric constant contributes to the 

solute retention and thus the natural logarithm of retention 

factor (In 切)is linearly dependent on €f. In the c第e of halo- 

benzenes, the points are closely located around the line. This 

is due to their similar dip이e moments.

Figure 4, 5 and 6 show the interactions between the solute 

and mobile phase, water-methanol mixture, on the/y-Bonda- 

pak phenyl column. Different trend from Figure 1 was obser

ved in Figure 4. This may be the result of interaction bet

ween the solute and phenyl group of the stationary phase 

which has been ignored in case of the C18 column. However, 

Figure 5 and 6 아low similar tendency to Figure 2 and 3 since 

alkylbenzenes and halobenzenes do not form hydrogen bon

dings. Thus, the observed retention behavior can be seen
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Figure 4. Relationship between dielectric increment (-and Ln k' 
values of phenol(«), aniline。)，and benzyl alcohol(B) on the 

u-Bondapak phenyl column.

Figure 5. Relationship between dielectric increment U and Ln k1 
values of benzene(e), toluene(^), and ethyl benzene(B) on the 

/i-Bondapak phenyl column.

that phenyl column 아】ows different behavior for the high- 

polarity solutes such as phenol, aniline, and benzyl ale사10I 

whereas it 아lows similar behavior for the low-polarity solutes 

compared with C18 column.

As examined above, the use of dielectric increment, 

which represent the interaction between the solute and the 

solvent adjacent to the sul ite, will be helpful to get a quan

titative relationship on 나蛇 solute retention.

Effect of Solubility Parameter on Solute Retention. 
The correlation between the solute retention and 옹olubility 

parameter has been examined because the solute-mobile pha

se interaction is related to solubility. In condensed phases 

(solid옹, liquids, solutions) strong attractive forces exist bet

ween molecules, and as a result each molecule has a consi

derable (negative) potential energy. This potential energy is 

called the cohesive energy, - E. The correlation between the 

cohesive energy per unit volume (cohesive energy density) 

and solubility parameter 8 is9

Fiflure 6. Relationsnip between dielectric increment (-cO and Ln k' 
values of fluorobenzene(»)t chlorobenzene(▲人 bromobenzene(o), 

and iodobenzene(A) on the ju-Bondapak phenyl column.

Table 3. Physical Properties of Monosubstituted Benzenes0

Sample MW MV € 卩

Benzene 78.11 88.86 2.28 0.00

Toluene 92.13 106.40 2.38 0.36

Ethylbenzene 106.16 122.46 2.40 0.59

Fluorobenzene 96.10 93.86 5.42 1.60

Chlorobenzene 112.56 101.77 5.62 1.69

Bromobenzene 157.02 105.03 5.40 1.70

lodobenzene 204.02 111.85 4.63 1.70

Phenol 94.11 87.87 9.78 1.45

Aniline 93.13 91.13 6.89 1.53

Benzyl alcohol 108.13 103.60 13.60 1.71

MW: Molecular weight MV - Molar volume (cmWm 이 e) £ :Die-

lectric constant (C2/J-m)卩:Dipole moment (D) aReference 9.

&=(号” ⑷

There are three modes of interaction between molecules 

which collectively produce the cohesive energy characteris

tic of the liquid state:⑴ dispersion or London force; (ii) polar 

interactions; (iii) specific chemical interactions, notably hy

drogen bonding.

~E=-Ed-Ep-Eh
— J —耳—&旦

V V V V
or尤=况+児+以

(5)

⑹

The solubility parameter values of solutes and solvents used 

in this study are shown in Table 3. In general,羸 values de-
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Figure 7. Plots of In k' vs. 瞞 of phen이(•), aniline(▲入 and benzyl 

alcohol(H). The chromatographic conditions are the same as in 

Figure 1.

Figure 8. Plots of In 切 vs.如of benzene(•), toluene(A), and ethyl- 

benzene(B). The chromatographic conditions are the same as in 

Figure 1.

crease regularly with increasing Edt indicating the domi

nating contribution to 瓦 of polar and hydrogen bonding 

forces in most liquids.

The solubility parameter of a solute in the binary solvent 

mixture,机 is defined by using an ueffective volume frac

tion^, (P* term.10 This term reflects the nearest neighbour 

solvent environment of a solute with the preferential solva

tion by one of the solvent components.

& m=& i+s 3 

建=쬬鱼二竝］ 
g —强（桓—邳2

妃w二1 (7)

where 8 is the solubility parameter, 0 is volume fraction, 

subscripts M, 1,2, and 3 denote mixed solvent, water, solute, 

and methanol, respectively. Volume fraction, © is defined 
as11

91~nx+mn3 '孔一佑_卜次爲 ㈤

where n is the mole of solvent and m is the molar volume 

ratio of water and methanol.

Figure 7, 8 and 9 are the plots of solute retention as a 

function of solubility parameter of mixed solvent,端 in 

water-methanol mixtures by varying composition on the 

#-Bondapak C18 column. As the composition of mobile phase 

changes progressively from pure water to pure methanol, 

cohesive energy changes. The change in cohesive energy af

fects the energy state between the solute and mobile phase. 

This results in a change in solubility of solute in mixed 

mobile phase as expressed by eq. 7.
Krishnan et al.12 showed the following approximate equa

tion for the desolvation enthalpy of solute Y in solvent S

dg+(g (9)

Figure 9. Plots of In kf vs.际 of chlorobenzene(e), 

bromobenzene(A), and iodobenzene(B). The chromatographic con

ditions are the same as in Figure 1.

Here the electrical contribution derives from the interaction 

of the electrical dipole of a solvent molecule with the pola

rizability of the solute. The solubility parameter contribution 

to eq.⑼ is

(幻三 K^S(2^y- 6} (10)

where VY is the molar volume of the solute and the 龚 are 

the solubility parameters of species X. The solubility para

meter contribution is again regarded as two terms. The term 

-Vy於 accounts for the enthalpy associated with the for

mation of a cavity in the solvent to accommodate the solute 

particle. The term 2accounts for the enthalpy of inte

raction by van der Waals forces of the solute with the solvent 

molecules next to it in solution.

The linearity of solvation energy cannot be expected as to 

methanol composition changes in water-methanol mixture. 

Since the change in solubility parameter with change in cohe

sive energy is related to the solvation energy of solute, non

linearity between the solute retention and solubility para

meter in mixed solvent,如 is observed such as the relation

ship between solute retention and surface tension of mobile 
phase.2 As examined above, the parameters representing the 

bulk properties of solute, such as solubility parameter, di

electric constant, and polarity are not appropriate to repre

sent the solubility of solute in the system containing the polar 

non-electrolyte in the reactive solvent. But parameters repre

senting the interaction between solute and the solvent adja

cent to the solute are capable of explaining the solute solubi

lity. By using the parameters, dielectric increment 时 and 

mixed solvent solubility parameter 标 which represent the 

change occurring between the solute and its adjacent sol

vent, it is expected to get better results in predicting the re

tention.
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Figure 2. Absorption spectra of NiTPC (solid line) and NiTPP (das

hed line) in dichloromethane.
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Figure 3. Absorption spectra of ZnTPC (solid line) and ZnTPP 

(dashed line) in dichloromethane.

molecule in a biological system of undefined prosthetic 

groups, it is necessary to demonstrate that such parameters 

can be extended to the meso substituted metallochlorins like 

M(II)TPC. In this article, some characterization studies on 

the vibrational parameters of the structure such as the sym

metry and the core size dependences have been performed 

through the comparision 산le IR and RR results of Ni(II)TPP 

and Zn(II)TPP with those of Ni(II)TPC and Zn(II)TPC.

Experimental

NiTPP and ZnTPP were purchased from Aldrich. NiTPC 

and ZnTPC were synthethized through the metal insertion 

into the TPC which was made through the diimide reduction 
of TPP.19 The metal insertion was accomplished by heating a 

CHCI3 solution of the TPC with metal acetate which was dis

solved in methanol.20 The metallochlorins were purified by 

elution on Fisher A-540 alumina when necessary and the 

purities were checked by absorption spectrum using a Cary 

219 UV-Vis. spectrophotometer.

The IR spectra were obtained from KBr pellets on a 

DIGILAB Model FTS 80 FTIR instrument. For the Raman 

measurements, the KBr pellet with a little K2SO4 as an inter

nal standard was attached to the copper cold finger of the li

quid nitrogen Raman cell. The liquid nitrogen temperature 

provides advantages over the solution Raman spectrum 

acquired at room temperature mai 미y in obtaining a high-re

solution Raman spectrum and avoiding any possible sample 

degradation caused by a local heating with a tightly-fo

cused laser beam. The details of Raman spectrum collection 
system were given elsewhere.21 Briefly, a Spectra Physics 

165 Ar ion laser was used to illuminate the sample by quasi- 

back-scattering geometry. The scattered light was collected 

by an/ = 1.2 camera lens and focused onto the 1 meter Jobin-

Yvon Raman U-1000 double monochrometer using an/ = 30 

cm planar convex lens. A Hamamatsu R943-02 photomulti

plier tube, cooled to -20 C with a Hamamatsu C2761 PMT 

cooler, was used as a detector. After the amplification of the 

output current of the PMT, the Hamamatsu C1230 photon 

counter and discriminator were used for photon counting 

detection. The analog signal from the photon counter was 

converted to the digital signal by A/D converter. The NEC 

PC9801V computer controls the scanning.of the monochro

meter and the data was stored in the computer and plotted by 

Roland 980A XY digital plotter.

Results and Discussions

A. 세就allochloHn Molecular Symmetry and Elec
tronic Structure

As shown in Figure 1, the metallochlorin has the structure 

where one of four pyrrole rings in the metalloporphyrin is 

saturated by hydrogens. From the previous X-ray crystal

lographic study, the metalloporphyrin has a flat structure 

and belongs to the D4A symmetry group with the center of in

version.22 However for the metallochlorin, an extremely non- 

planar geometry, with S4 ruffled structure, without the cen

ter of inversion was found from previous studies.23-25

Th은 macrocycle n electron conjugation pathway of the 

metalloporphyrin is equivalent in both x and y directions. 

However, that of the metallochlorin is not.3 Thus, this x,y in

equivalence reveals that the degeneracy in the two pairs of 

orbitals composed of four-orbital model is broken.3,15 Among 

the possible four transitions, two are strongly allowed transi

tions, which make the split Soret (or B) bands or one Soret 

band if an accidental degeneracy occurs. The lowest energy 

Q transition is more strongly allowed relative to that of por

phyrins. Thus the characteristic intense 600 nm peak for the
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Table 1. Peak P❹砒쉀and Origins of UV-Vis. Absorption 
Spectra of NiTPC AND ZnTPC

Origin

Sample
Q的0) Qy(0,D Qy(0,2) Qx(o,o) Qx(0,l) % Bx

NiTPC 616 572 549 506 472 416 388

ZnTPC 621 587 573 558 518 418 397

Table 2. Symmetry Groups and Raman Allowed Modes

% C2(x)

A^p) A(p)

B 么 dp) A(p)

A2試ap) B(dp or ap)

B么dp) B(dp or ap)

Ett(forbidden) A + B(p + dp or ap)

chlorin is usually observed; the other Q transitions are 

almost parity forbidden and consequently weak.3 Therefore 

from the UV-Vis absorption spectra (Figures 2 and 3), the 

NiTPC spectra has stronger and lower energy Q band com

pared with the NiTPP spectra and there is a high energy 

shoulder on the Soret band. For ZnTPC (Figure 3), similar 

behavior is observed, however the Soret and Q bands show 

more sharp structure compared with those of NiTPC. Equi

valent behavior was observed in the cases of NiTMC and 

NiTPP. Thus the illative broadening of the UV-Vis absor

ption spectra for nickel porphyrin and chlorin is a characte

ristic of the nickel metal. The peak positions and the origins 

of the UV-Vis. absorption spectra are tabulated in Table 1.

B. IR and RR properties
Since the metalloporphyrin has an inversion center, the 

IR and Raman allowed vibrational modes are mutually ex- 

시usive. Thus for the metalloporphyrin with D仙 symmetry, 

in-plane Ea and out-of-plane A刼 modes are IR active and 

A]』p), B]£(dp), A案(ap) and B^/dp) modes (p: polarized, dp: 

depolarized, ap: anomalously polarized) are Raman active. 

Almost no correlation can be found between IR and Raman 

frequencies of the MTPP.1 However, die symmetry lowering 

from the symmetry of MTPP to the C2(x) symmetry of 

MTPC causes the Raman inactive modes to be allowed ones 

and the degenerate E“ modes split into A and B modes.1 Ge

nerally the followings are expected for the RR behavior due 

to the symmetry change from the metalloporphyrin to the 

metallochlorin (Table 2).

(a) all Bi/dp) porphyrin vibrational modes should become 

A(p) vibrational modes.

(b) A々(ap) and B案(dp) porphyrin modes should become B 

(dp or ap) modes.

(c) E„ (doubly degenerate) porphyrin modes should be 

split into A and B components.

The alteration in molecular symmetry also results in an 

increase in the total number of vibrational band옹 observed as 

well as an increase in the number of totally symmetric pola

rized Raman bands relative to the RR spectrum of an analo

gous porphyrin complex.1 For the porphyrin, the excitation 

in the neighborhood of the strongly allowed Soret absorption 

band produces strong enhancement of Franck-Condon-active 

modes, while in the neighborhood of the quasi-forbidden 

Q bands produces selective enhancement of vibronically ac

tive A^, Big and modes.1 In addition, normally A如 modes

Figure 4. Infrared spectra of NiTPP(top) and NiTPC(bottom) in 

KBr pellet at room temperature.

are seen only with Q-band excitation, enhancement being 

provided by their role in Q-B vibronic mixing and By modes 

can frequently be seen with Soret excitation, because of their 

role in Jahn-Teller splitting of the doubly degenerate excited 

states. In contrast, for chlorin 난le resonance enhancement 

pattern of RR frequencies is distinctly different from that of 

porphyrin. The polarized bands dominate the NiOEC RR 

spectra obtained with B and Q excitations, as has been obser

ved for other metallochlorins, while ap and dp modes domi

nate the spectrum obtained with Qx excitation. Also it was 

found that ap and dp modes are clearly observed with B band
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Figure 5. Infrared spectra of ZnTPP(top) and ZnTPC(bottom) in 

KBr pellet at room temperature.

excitation.18 Thus, from these observations it is necessary to 

obtain RR spectra with B, Qx and Q excitations in order to 

observe all of the skeletal modes. Not only the Afferent 

resonance enhancement pattern of RR modes, but also the 

polarization ratio of RR modes is quite helpful in determining 

the origins of each mode, which has not been accomplished 

yet for MTPC's. However the actual polarization ratio 

deviates from the ideal values because the symmetry of the 

metallochlorin is lower than D仙，but the qualitative appli

cation is still effective in the mode assignment of the metal

lochlorin.18 Considering these characteristics, it is not a 

trivial problem to assign the modes properly. Even though 

there have been accumulated RR spectroscopic studies on 

MTPP analogs, the vibrational modes were recently catalo

gued and revised.26 In the cases of MTPP's, the different 

substituent patterns relative to MOEP lead to appreciable 

differences in the vibrational patterns. However a rou흥h cor

respondence among the skeletal inodes is found, except that 

the mode numbering shifts by one in the Bi^and blocks, 

due to the missing of C-H stret아ling mode in TPP compared 

to other porphyrins. Recent study revised the mode assign

ment at -1450 cm" region and as a v28(B^) Ca-Cb pyrrole 

bond stretching mode based on the core size correlation 

which was previously assigned a。a v13(Bu) C#N mode.26

Thus, combined with the RR spectra obtained with vari

ous excitations, polarization measurements and comparision 

with MTPP vibrational frequencies, the efforts are made to 

assign the vibrational modes of MTPC which have not been 

studied systematically.

IR properties of NiTPC and ZnTPC. High-frequency 

IR spectra of NiTPP, NiTPC, ZnTPP and ZnTPC are pre

sented in Figures 4 and 5; the IR frequencies and mode as

signments are tabulated in Tables 3 and 4. For NiTPP and 

ZnTPP, IR frequencies at 1599, 1350, 1007 cm-1 (NiTPP) 

and 1595, 1339, 1003 cm-1 (ZnTPP) (A, B, F-phenyl modes, 

respectively) are known to be due to the meso-substituted 
phenyl mode contributions.17 And v38, v39,皿，v41 and p44 

modes can be assigned as IR active 喝喝 Ca-Cm, Cb-Cb, Ca-N 

stretching modes and asymmetric bending of GH modes, 
respectively (Tables 3 and 4).18 Here, v42 and v43 modes are 

missing, because these modes are assigned previously as 

ethyl mode contributions of MOEP analogs. Generally, for 

NiTPP and ZnTPP IR and RR bands are mutually exclusive 

as expected for D“ symmetry. On the contrary, for NiTPC 

and ZnTPC the IR and Raman active vibrational modes are 

no longer exclusive and each vibrational spectrum becomes 

more complicated due to the symmetry lowering compared 

to the TPP analogs. Thus there are many new bands in IR 

spectrum which are also present in RR spectrum. Additional

ly, as expected, the splitting of Ett modes occurs especially 

for 하le v38, 此% 卩 4i，V44 modes for ZnTPC and v38, v39, v40 

modes for NiTPC. These split modes are no longer Raman 

forbidden, because E„ modes are split into A and B modes 

which are also Raman active. The phenyl modes (A, B, F- 

phenyl for NiTPC and A, F-phenyl for ZnTPC) are preserved 

relative to the MTPP. And the altered intensity pattern 
around 1600 cm-1 is evident. For NiTPC 1599 cm" band is 

due to the phenyl mode contribution and 1616 cm-1 band is 

either a characteristic chlorin band as assigned by Andersson 

et al.17 or CaCm stretching mode which are normally 

observed for other metalloporphyrins. For ZnTPC the band 
at 1598 cm」' is attributable to the phenyl mode contribution 

and for 1655 cm-1 band the same analogy might be applicable 

to 난比 NiTPC case. The v44 modes of ZnTPP and NiTPP are 

assigned as a pyrrole-hydrogen bending mode by Andersson 
et 시. * This band seems to be existent in NiTPC and ZnTPC 

without a major change in frequencies and intensity pattern. 

The altered band pattern in the 900-1000 cm-1 region for 

NiTPC and ZnTPC is particularly noticeable, and is not fully 

understood, especially for 993 cm-1 band for ZnTPC and 

1013 cm-1 band for NiTPC, which are not present in 나le RR 

spectra. However we can not preclude the possibility of mix

ing in IR and RR bands for MTPC cases due to the sym-
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Table 3. RR and IRFrequencies of NiTPP and NITPC"

NiTPP

RR IR

NiTPCNiTPC NiTPP

16吟 々7厲方 A 1616s p37CflCm
1596据 A-phenyl 1599* A-phenyl 1599淋 A-phenyl 1599s A-phenyl

1579， v38QQ(ap) B 1576s ，38。归＞ (1)
1574w v 2匚区如) A 碧 1572s 卩 2C 心(p) A 1572紗 卩 3*© E “

1570s p38QC6 ⑵

1560洲 u 39CaCm (1)
1553咨 卩 2oGC 林(ap) A 象 1549淋 卩 2oCaC 師(ap B 1550"， 卩39我(万 E„

1541 서 卩39心(2)
1535헤 v40QCb(p) A 1533s 卩40麟財 (1)
1512$ 以 oCM(dp) B 1508蝕 卩40&(% (2)

1503s 42 財(&(dp) Big 148驰 v 12C3C3
1486# 方 8GC$(dp) 147(户 147(产
1457w v 3C 心(p) Al£ 1458^ v 3C心
1437缈 1441m 1441s
13"vs %CqN(p) Ay 1380s gN(p) A

1373 以 iGN(dp) B 1370s 卩 41QN (1)

1364s 以 iGN(p) A 1364허 v41caN Ett

1355叫 ^i3CaN(dp) 1355s 勺 3CaN(dp) B

1349s B-phenyl 1350s B-phenyl 1348s B-phenyl

1292™
1242桃 ，22 竜$C/-ph(ap) 1242허 卩22竜$CwPh(ap) B 1244飘 广 ph
1233% C-phenyl

1219«

1190m 勺 4GC"dp) Bs 11951" 勺 MQXdp) B 1196^ u uCflCft

U77m

1077w 七5&GH(dp)Bi# 1075协 卩44 金QH(P) A 1076m

1072w «$6H(p) Ay 1072s 0魅아I E„ 1069s V4&q>H ⑵

1033w E-phenyl

1013s
1004^ f-phenyl 1005$ F-phenyl 1007 踮 F-phenyl 10Q5vs F-phenyl
992" 997w 978圳 986m
963m

966的 964m

* *vs(very strong), s(strong), m(medium), and w(weak) represent the peak intensities. A]® A^, Bu, B%, A and B denote the symmetry groups 

of each mode, (1) and (2) represent the splitting mode into high- and low-frequencies from IR active Ew modes. p(polarized), dp(depolarized) 

and ap(anomalously polarized) denote the polarization ratio of each mode, as and s mean asymmetric and symmetric motion repectively.

metry change. For example, for v37~p44 bands of ZnTPC and 

NiTPC, these bands might be mixed w辻h v10(i/lb p20) and 

* bands. However in our studies, the mode assignment for 

MTPC is made 난irough the comparision with the correspon

ding MTPP frequencies under the assumption that the fre

quencies are not so different from each other, even though 

the enhancement pattern is different.

Resonance Raman Properties of NiTPC and ZnTPC. 
Resonance Raman spectra of NiTPP, NiTPC, ZnTPP and 

ZnTPC are 아lown in Figures 6, 7, 8 and 9 with various ex

citation conditions; their frequencies and mode assignments 

are tabulated in Tables 3 and 4. The NiTPP and ZnTPP 

spectra are generally in good agreement with previous 
works1 except for 2-5 cm-1 frequency differences for some 

mode으, which is probably caused by the sample condition (in 

our study the solid sample at 77 K was used for RR measure

ments). Nevertheless for NiTPP, the RR spectra are r이a- 

tively simple; the two polarized bands at 1574 and 1377 cm-1 

are assignable to the porphyrin skeletal modes u2 and v4 

respectively, while the polarized bands at 1596, 1233, 1033 
and 1004 cm-1 are due to the A, C, E and F-phenyl mode 

contributions on the basis of the previous work on 
(FeTPP)2O.27 The bands at 1553 and 1242 cm-1 아low 

anomalously polarized character by the polarization 

measurements. However the band around 1553 cm-1 is still 

moderately enhanced via 457.9 nm excitation. This behavior 

is probably ascribable to the mixing of v2o(ap) and vn(dp) 

modes at the same frequency because, for D“ symmetry, the 

ap modes are not enhanced by the excitation in 바le neigh

borhood of Soret band. The other RR bands and corres

ponding mode assignments are tabulated in Table 3.

For NiTPC, the RR spectra are more complicated to 

NiTPP, as expected. The 1616 cm-1 mode can be assigned as 

characteristic chlorin mode or v37. The 1599, 1349 and 1005 

cm-1 bands are believed to be the A, B and F-phenyl mode 

contributions by comparision with IR frequencies of NiTPC 

and vibrational mode assignments of NiTPP. The 1579 and 
1572 cm-1 bands have different polarization behaviors, thus
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Table 4. RR and IR Frequencies of ZnTPP and ZnTPC

RR

ZnTPP

IR

ZnTPCZnTPP ZnTPC

165# V37CaCm E.

1595師 A-phenyl 1597沏 A-phenyl 1595s A-phenyl 1598询 A-phenyl

1579s 卩 38（，C》（P） A

157砂 V 38霁* E “

1578 0C心 (1)

1571 ，38GQ(dp) B 1572s V 38為臨 (2)

1556師 卩2oC&Cm(ap) Mg

1547$ "GQMp) Aig 1546w v 2G，G（P） A 154(产

1537$ 卩39＜瀛両） B 1533s v 39CK 沸 (1)

1521 牌 y 40C&P) A 1524的 M39CaCw

1507s v 39GC 淅(p) A 1506s M39CflCm (2)

149(次 v i2CftCi(dp) 1485s ek

1458财 M 3C心

1441s 1439s

1365허 v4iCaN(p) A 136铲 卩釘아寸 ⑴

1355$ Vi3&N(dp) Bu 1359s gN(dp) B 1350s 卩 41GN E “

1353" 卩 4CgN(p) A]g 1354s 卩 4QN(P) A

1340s ^4iCflN(dp) B

1339s B-phenyl

1341 站 v4iCflN (2)

1295s （P） 1285牌

1245s (dp) 1244屛

1236s C-phenyl 1239«
C-phenyl

1206s

1191w *4C心(dp) B 1192M v uC^Cb

1173« 卩 uCqCMdp) B fg

1073m u44 A

1175s 1175牌

1069s ’44 &财 CbH E„

1070하* C6H(p) Am 1065叫 v44^CdH(dp) B 1065s 卩 44 & osCftH (2)

1034緋 E-phenyl

1004酣 F-phenyl 1004s F-phenyl 1003ra F-phenvl 1003하$ F-phenvl

99濟 996w 995하$ 993婚

the former one is due to the v38(B) mode contribution which 

is no longer Raman forbidden and the latter one to the v2 

mode. However in this mode the contribution of v3g(A) mode 

caused by the splitting of v38(EM) into v38(A) and v^B) is pos

sible.18 The 1549 cm"1 band is probably due to v2o because of 

the ap character: 1535 and 1512 cm bands are assigned as 

卩40(A) and y40(B). The interesting feature of MTPC relative 

to MTPP, there are many strong bands around 1300—1400 
cm”, where normally only one strong band %(AQ is observ

ed for TPP. To assign all of these modes, the polarization 

ratio measurement and different excitations are relevant. For 

example, the most strongly enhanced band at 1380 cm-1 via 

457.9 nm excitation has the polarized character, thus this 

band is assignable as 卩 4. Since 1370 and 1364 cm-1 bands 

have different polarization and enhancement patterns depen

ding on the excitation wavelength, these bands are ascribed 

to 卩41(B) and 卩41(A), respectively. The 1355 cm-1 band has 

depolarized band character, and there is no corresponding 

peak in the IR spectrum. Probably it is reasonable that this 

band is due to the y mode contribution. The 1349 cm-1 band 

is a B-phenyl mode in analogy w辻h the IR spectrum. The 

other small bands are tabulated in Table 3.

For ZnTPP, the similar features are found except som은 

alterations in the intensity pattern (Figure 8). The A-phenyl 

mode is not strongly enhanced even though this band is very 

strong in the IR spectrum. However, the other phenyl modes 

are observed which are due to C- and F-phenyl mode contri

butions, respectively. The anomalously polarized band at 

1556 cm-1 can be assigned as y2<j which was not found in the 

previous studies, because this mode is enhanced via Q band 

excitation and the strong fluorescence swamps out the RR 

spectra (Figure 8, spectrum via 514.5 nm excitation). Due to 

the liquid Etrogen temperature, a relatively good quality 

spectrum is obtained in our case. The strong bands at 1547 
and 1353 cm-1 are polarized and consequently assigned as y2 

and v4 modes, respectively. Interestingly, the v13 mode at 

1355 cm-1 is observed, which is not found in RR spectra of 

NiTPP. The other bands are tabulated in Table 4. For 

ZnTPC, as expected, the Ew modes are split into A and B 

modes which are also Raman active and this behavior is more 

prominent compared to NiTPC (Figure 9). For example,知, 

v39, j/40,卩 41 and v 44 modes can be found by pairs and assigned 

on the basis of the polarization ratio between A and B groups 

(Table 4)： However the possibility of mixing with other 

modes can not be excluded, especially, for the v39(B) mode 
where v2 mode is normally observed at the same position.18 

A-, C-, E-. F-phenyl modes are observed at 1597, 1239,1034 

and 1004 cm-1 even though the A-phenyl mode is very weak
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Figure 6. RR spectra of NiTPP pellet at 77 K via several excitation 

wavelengths and 나le internal standard peak is denoted by # mark, 

Conditions; 50 mW powder for each spectrum, slitwidth 4 cm-1 re

solution, scan rate 1 cm'Vsec.

in the Raman spectrum relative to the strong A-phenyl mode, 

which is enhanced strongly in the NiTPP RR 옹pectrum 

(Figure 9 and Table 4). Generally the appearance of the 

phenyl modes in the TPP RR spectra has been ascribed to a 

mutual interaction between the phenyl group and the por

phyrin excited state.27 Thus the similar phenyl mode enhan

cement in TPC RR spectra suggests that a similar interac

tion is preserved in TPC. The general spectral features of 

NiTPC and ZnTPC shown here are the result of the effective 

molecular symmetry lowering. The polarized v2 mode is 

observed at 1546 cm-1. As already observed in NiTPC, from 

1340 to 1400 cm-1 region four relativ이y strong bands are 

enhanced with alterations in intensities depending on the ex

citation wav이engths and different polarization characters. 

From these observations, 1354 cm-1 band could arise from v4 

mode origin which is normally 나】e most strongly enhanced 

via Soret band excitation and 1340 cm" band can be assign

ed as v41(dp) because of its depolarized behavior. The other 

small bands are tabulated in Table 4.

EX. 457.9 皿 NiTPC 77 K
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Figure 7. RR spectra ot NiTPC pellet at 77 K. The The other 

conditions are tile same as in Figure 6.

From 하le results of efforts in trying to extract the rela

tionship between the structure of 난le metalloporphyrin and 

the Raman frequencies, 나此 emprical correlation between the 

core size and Raman frequencies have been established.26-28 

The inverse linear relationship with the core-size has been at

tributed to a dependence of the fore은 constant for the methi- 

ne bridge bonds on the methine angle, the slopes of the cor

relation varying roughly with the contribution of the methine 

bond stret산】ing to the normal modes.26 For metallo TPP 

anologs, the core-size correlationship with high-frequency 

Raman bands at v3(A^), 知(AR and l싯AQ were found from 

the previous study. However, in recent studies this correla

tion ha응 been extended to all high-frequency Raman modes 

above According to the core-size correlationship equation 

v = K(A-d) cm-1 where d = CrN (A) (metal to pyrrole nitro

gen distance), for metallo-TPP's it was observed that the 

values of the parameters are in the same range among TPP 

and PP (protoporphyrin) and there is a rough parallelism in 

the order of increasing K, with v4 having the lowest value in 

each case.26 For v4, v2 and v10 the values of K are actually 

Quite similar, but for the remaining modes they d迁fer
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Figure 8. RR spectra of ZnTPP pellet at 77 K. The other condi

tions are the same as in Figure 6.

substantially between PP and TPP.26 These differences no 

doubtfully reflect appreciable alterations in the normal mode 

compositions brought about by the differing substituent. 

From the previous X-ray crystallographic study, the core 

sizes for NiTPP and ZnTPP are 1.958 and 2.037 A, respecti

vely.22 Even though it might be expected that the core size 

for the chlorin is contracted relative to the porphyrin due to 

the saturation on C6-Cb bond, it is assumed that the actual 

core size for the chlorin is similar to the porphyrin (at least 

the general trend might be similar) due to the lack of X-ray 

crystallographic data. The frequencies of the characteristic 

RR bands of ZnTPC is lower than those of NiTPCby 8—30 

cm"1 depending on the modes for all the bands observed 

above 1350 cm-1 (Table 3 and 4) except v41(A) mode. How

ever for the more thorough analysis, it is substantially neces

sary to accmulate vibrational frequency data on other metal- 

lo-TPC's. Tlhen it will be possible to evaluate whether the 

ruffled structure of the chlorin will cause the deviations 

in the core-size correlation or this r이ationship for the me- 

talloporphyrin is generally applicable to the met지lochlo- 

rin. An extended study on this subject is currently under
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Figure 9. RR spectra of ZnTPC pellet at 77 K. The other condi

tions are the same as in Figure 6.

way.

Conclusion

From the results of our experiments, an attempt was 

made to assign the metallo-TPC modes combined with the 

polarization ratio measurement, the various excitation wave

lengths and the comparision with metallo-TPP frequencies. 

The rough correlation between the metallo-TPC core-size 

and the Raman frequencies might exist. Generally like other 

metallochlorins, the RR and IR spectra are found to be more 

complex relative to the metalloporphyrin due to the splitting 

of E„ modes into A and B groups which are Raman active. 

The enhancement pattern is quite different due to the dif

ferent substituents relative to the metalloporphyrin, how

ever, the same vibrational parameters of other type of metal- 

lochlorins are applicable to metallo-TPC's.
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Solvolysis of Phenylacetyl Chlorides in Methanol-Acetonitrile Mixtures

Ikchoon Lee*, Chui Huh, and Hai Whang Lee
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The methanolysis reactions of phenylacetyl chlorides have been investigated in methanol-acetonitrile mixture으 at tempera

tures ranging - 15.0-0.0 °C. Substituent and solvent effects on the rate supported an associative S紀 mechanism for the 

solvolysis. Activation parameters indicated that the reaction is entropy controlled, while the a/s ratio몹 of the Taft's solvac- 

tochromic correlation proved to be remarkably constant with a typical value of 0.50 that is consistent for the reactions pro

ceeding by a typical Sjy2 path.

Introduction

The reactions of acyl chlorides, RCOC1, have been 

studied extensively partly because they are the most widely 

used reactions in organic synthesis1. However due to their 

strong reactivity, the mechanisms are not well elucidated 

compared to the mechanisms of reactions of other carbonyl 

compounds. To remedy the situation, various experimental 

devices for the fast-rate measurement have been intro

duced2.
Ethanolysis of aliphatic acyl chlorides3 are reported to 

proceed by a bimolecular synchronous displacement (S^2)


