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The ground state dipole moment of free base chlorinCfhj was determined by dielectric constant
measurements of #&h/benzene solutiong{ = 2.93 + 0.08 D). This was combined with the previously
measured change in dipole momefiie = — 0.255+ 0.005 D) associated with thg S S (7r*) transition

to calculate the excited-state dipole moment+ 2.68 + 0.08 D) of HCh. These values were used with
solvatochromic shift data to find the cube of the cavity radidsfor the HLCh molecule; the assumption was
made that the cis and trans tautomers of free base isobacteriochlgiCjHhave this samas. This number
((4.49+ 0.05) x 1022 cm®) was combined with the spectral shifts and measuyegl vectors to determine
the ground and excited state dipole momentsieH,iBC («g = 0.35+ 0.01 D;u. = —0.97+ 0.01 D) and
transH.BC (ug = 2.16+ 0.05 D,u. = 3.51 £ 0.05 D). Our solvatochromic shift data also indicated that
when inferring the sign of a Stark effect determined change in dipole moment, only solvents with low
polarizabilities (nonaromatic) should be used.

Introduction Then, we combined their previously determined changes in

) ] ) ) ) dipole moment values with their solvatochromic shifts, which
_ Free base isobacteriochlorin4BC) is an isomer of bacte- e had measured, and determined the ground state and excited-
riochlorin in which the two pyrrole rings with reduced double  gtate dipole moments faris-H»iBC andtransH,iBC. In this
bonds are adjacent to each other instead of on opposite sides ofaper, we report the ground and excited-state dipole moments

the molecule. This free base porphyrin exists as an equilibrium of free base chlorin and cis and trans free base isobacterio-
mixture of two tautomers, cis and trans (See Figure 1, parts acp|orin.

and b). The isobacteriochlorin ring is of interest because it has
the same fundamental structure as siroheme, the prosthetic grougeyperimental Section

of sulfite and nitrite reductases; these enzymes catalyze the six- ) ] ) ) )
electron reductions of the sulfite ion to hydrogen sulfide and Free base chlorin and isobacteriochlorin were synthesized and

the nitrite ion to ammonia? respectively. It is also important ~ Purified using the methods of Egorova et‘éand Eisner and

theoretically because it is one of the stable variations of the Linsteadi* The ground state dipole moment of,€h was
totally unsaturated porphin structue. determined from the dielectric constants of a series gt

benzene solutions and then using Guggenheim’s computational
method!? In this technique, based on the Debye equation, a
plot of ¢ — n? againstC is made, where: is the dielectric
constant of the solutiom is it's refractive index, andC is its
molar concentration; the value of the slope- n%/C) leads to

the ground state dipole momenig) when inserted into

The change in dipole momenfge) associated with the;S
— S (7r*) transition of each tautomer was measured eatlter.
However, since HBC exists as a mixture ofis- and trans
H.iBC, it was not possible to use standard methods (e.g.,
measuring the dielectric constants of diluteiBC solutions)
to experimentally determine the ground-state dipole moment
(ug) of each of these molecules. The importance of this comes ,
from the fact that ifug and Auge are known, then the excited u2= KT 3 [e=n )
state dipole momenug) can immediately be determined. 9 4aN (e + 2)(n* + 2)\ C

The solvatochromic shift methéd seemed to provide a
relatively simple way of circumventing this dilemma and finding wherek is Boltzmann’s constant is temperature (K), anil
the ug value for each tautomer. A problem, however, with this is Avogadro’s number.
technique is the uncertainty associated with the molecular cavity Data for this calculation was collected using a Sargent
volume term, a®, where a is usually assumed to be the Chemical Oscillometer. A calibration curve was obtained by
molecule’s radius. Our way of dealing with this approximation plotting the instrument’s response verses the dielectric constants
was to first study free base chlorin (Figure 1GH). This for cyclohexane, benzene, toluene, anglylene. All solvents
molecule could be isolated and purified, and thus its ground were spectroscopic or HPLC grade and were left standing over
state dipole moment could be determined. Also, @ 0.4 A molecular sieves for more than 1 week to ensure that
associated with its (origin band had already been measitéd;  they were anhydrous. Dilute solutions ranging from 8.50°°
so, by determining its solvatochromic shift in a series of solvents to 8.6 x 10°5 M of H,Ch in benzene were prepared, and their
with similar refractive indices, and then adding theandAuge relative instrument responses were measured; benzene was used
values, we were able to determingfor H,Ch. We assumed  because of the low solubility of #h in more desirable solvents
that this was the same value for the isobacteriochlorin tautomers.(e.g., n-octane, cyclohexane). The dielectric for each dilute
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Free Base Chlorin and Isobacteriochlorin

(a) cis-HoiBC

(b) trans-HoiBC

(C) HQCh

Figure 1. Structures of free base isobacteriochlorin and free base
chlorin.

solution was then determined from the calibration curve.
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Figure 2. Plot ofe — n? against molar concentration for€h/benzene
solutions. (The error bars are within the data point circles.)

TABLE 1: Concentrations of H,Ch/Benzene Solutions and
Their Relative Dielectrics; € Is the Dielectric Constant andn
the Refractive Index

concentration

M [ x 107 € €e—n

35+0.1 2.284+ 0.001 0.0368
42+0.1 2.28%+ 0.001 0.0417
45+ 0.1 2.295+ 0.001 0.0477
5.0+ 0.1 2.3064+ 0.001 0.0587
52+0.1 2.305+ 0.001 0.0576
57+0.1 2.3104+ 0.001 0.0627
58+0.1 2.310+ 0.001 0.0627
6.4+ 0.1 2.3204+ 0.001 0.0727
7.0+£0.1 2.327+ 0.001 0.0797
74+0.1 2.323+ 0.001 0.0757
7.8+0.1 2.330+ 0.001 0.0827
8.6+ 0.1 2.3404+ 0.001 0.0927

Results and Discussion

The ground-state dipole moment of free base chlorin was
determined from the solution dielectric constant data which is
summarized in Table 1 and plotted in Figure 2. A linear
regression analysis on these data gave a slope of £GBBI !
with r2=0.97. From this slope, the ground state dipole moment
of H,Ch was calculated to be 2.930. 08 D. For comparison,
there are a few theoretically determined values for free base
chlorin’s ground state dipole moment; two of these are .84
and 1.54 D' (We also did calculations using Biosym/MSI
Zindo 95.0/3.0 and Dmol 95.0/3.0 programs; Zindo (Zerner's
INDO) gives a semiempirical quantum mechanical approach,
and Dmol is a first principles (ab initio) quantum chemistry

Refractive indices and dielectric constants for the pure solvents program. We obtained values of 2.28 and 2.75 D, respectively.)

used were obtained from theandbook of Chemistry and
Physics (1997-1998)1 Standard techniques were used to

Earlier Stark effect experiments by two research groups
determined the absolute value of the change in dipole moment

determine densities and refractive indices of solutions. The molar associated with the molecule’s S S (7z7*) excitation to be
concentrations and relative dielectrics recorded in Table 1 are0.255+ 0.005 D&° The sign of this change had been inferred

average values determined from four separate experiments.
All room-temperature electronic absorption spectra ¢CH
andcis- andtrans-H,iBC were recorded using a Perkins-Elmer
(Lambda 19) UV/Vis/NIR spectrometer. Each absorption maxi-
mum reported in Tables-25 is an average of 10 absorption

by the shift of the origin band in going between mexane
solution (636.2 nm) and a neat thin film (647.0 nm). On the
basis of this red shift of 262 cm, the dipole was assumed to
have increased in the excited sthtdowever, in this present
work, although we also observed a red shift of free base chlorin’s

scans; the slit band-pass was 1 nm, a data point was taken everf), band in a series of polar aromatic solvents, we found that
0.05 nm, and the scan speed was 30 nm/min. Fourth-orderthis band shifts to higher energy, a blue shift, in a series of
derivative spectrd were made using the Lambda 19 software nonaromatic polar solvents. On the basis of this later observa-
to precisely determined the absorption maximum associated withtion, we concluded that for }€h Auge = —0.255+ 0.005 D.
each of the HCh, cis-H,iBC, andtransH,iBC peaks reported  (This is discussed more fully later in this section of the paper.)
in this paper. We assumed that4€h retains itsC,, symmetry in the excited
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Figure 3. Plot of solvatochromic shifts of absorption maxima (&n
against dielectric constant differences faiGt in a series of solvents.
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TABLE 2: Refractive Indices (n), Dielectric Constant (e),
and Absorption Maxima for H ,Ch in a Series of Solvents

abs [AEge]lfz
solvent n € [Af(e)]1—2  (cm™) (ecm™)
octane 1394 188 O 15712 0
butyl ether 1398 3.083 0.210 157#12 10
isobutyl isobutyrate 1398 4.390 0.322 1578 27
isobutyl acetate 1.390 5.068 0.359 157432 31
2-chlorobutane 1.396 8.064 0454 15782 34
4-methyl-2-pentanone 1.396 13.11 0.518 15#43 42

state, sqig andAuge should be parallel, and therefore the dipole
moment of HCh in its first excited state is 2.6& 0.08 D.

Since we now had chloringy andAuge values, we proceeded
to measure the solvatochromic shift of it Rand in a series
of solvents of similar refractive indicer)(but different dielectric
constantsd). These data are summarized in Table 2. To carry
out the solvatochromic shift analysis, we used the equation
derived by SuppahAv, shc= —jig Aliged 3Af(€)1-2. Heref(e)
= 2(e — 1)/(2¢ + 1) andAf(€)1-2 is the change in the dielectric
constant function between solvents 1 and /A, is the
solvatochromic shift, in wavenumbers, of the absorption band
between solvents 1 and Ryge is the change in the molecule’s
dipole moment in going from its ground state to the excited
state Q\uge = e — Ug). The assumptions used by Suppan in
deriving this equation were that (1) the dipole moments in the

Singh et al.
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Figure 4. Plot of solvatochromic shifts of absorption maxima (&n
against dielectric constant differences fs-H,iBC in a series of
solvents.
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TABLE 3: Refractive Indices (n), Dielectric Constant (),
and Absorption Maxima for cis-H,iBC in a Series of
Solvents

abs [AEge]172

solvent n € [Af(€)]1—2  (cm?b) (cm?b)
octane 1394 1886 O 157261 0
butyl ether 1.398 3.083 0.210 157301 4
isobutylamine 1.397 4710 0.341 157411 15
2-chlorobutane 1.396 8.064 0.454 15744 20
pentanal 1.394 10.00 0.486 157500 24
4-methyl-2-pentanone 1.396 13.11 0.518 157458 27

TABLE 4: Refractive Indices (n), Dielectric Constant (e),
and Absorption Maxima for trans-H,iBC in a Series of
Solvents

abs [AEgd;—2

solvent n € [Af(€)]1—2 (cm™D) (cm™)
octane 1394 1886 O 174633 0
butyl ether 1.398 3.083 0.210 174323 —51
isobutyl isobutyrate  1.398 4.390 0.322 173F3 -84
isobutyl acetate 1.390 5.068 0.359 173638 —96
2-chlorobutane 1.396 8.064 0.454 173G —113
pentanal 1.394 10.00 0.486 173243 —139
4-methyl-2-pentanone 1.396 13.11 0.518 173153 —148

and subsequently an excited state dipole moment@B7 +
0.08 D.

Franck-Condon and relaxed states are the same, (2) the cavity The slope of theransH.iBC data in Figure 5 is-281+ 3

radius,a, is the same for both states, and (3) the polarizability
(o)) of the molecule in a spherical cavity s = a3 To use

cm! and r2 = 0.98. When this was combined with the
previously measureduge value of 1.64+ 0.05 D* anda® =

Suppan’s equation, all shift measurements had to be made in(4.49 + 0.05) x 10723 cn®, we obtainediig = 1.53 + 0.05
solvents which have essentially the same refractive index; we D/cos 6. Where# is the angle between vectolrg and Afige

used solvents witm = 1.39.

The solvatochromic shift data for,8h is plotted in Figure
3, Avi—» hc = [AEgd1-2. A linear regression analysis on the
data gave a line with a slope of 84 2 cnt! and anr? value
of 0.96. The slope is equal [ Afigea which, after inserting
the experimentally measured valuesgfand Auge into the
equation, yielde@3(H,Ch) = (4.494 0.05) x 10723 cm?. We
then made the assumption that(H,Ch) = a3(H.iBC) and

Since transH,BC has Cs symmetry, iig and e are not
necessarily parallel. To help fing, the angle betweeny and

le, We examined our Zindo and Dmol calculations osiB€.

Both estimated that thieans-H,iBC ground state dipole moment
passes almost symmetrically between the two reduced rings.
From the Stark effect data from the molecule inranctane
crystal matrix} it had been concluded that, when the inner
protons shifted from one set of equivalent nitrogens to the other,

proceeded to calculate the ground-state dipole moments of cisthe Auge vector rotated 99 it was surmised thahzige was either
and trans free base isobacteriochlorin. This solvatochromic shift parallel to the H-H axis of the protonated nitrogens or to the
data is summarized in Tables 3 and 4 and plotted in Figures 4 N—N axis of the unprotonated nitrogens, and consequetly

and 5, respectively. The slope of this-H,iBC data in Figure
4 is 524 1 cnmr! with anr? value of 0.94; the corresponding
Auge value is—1.32 + 0.08 D® Combining these quantities
with a® gave a ground state dipole moment of 0:89.08 D

changed direction by 90n going from one trans tautomer to
the other. The anglé] between the ground state dipole moment
and Ajige is then 48. Thus, fortransH,iBC the ground state
dipole moment was found to be 2.16 0.05 D, the excited-
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state dipole moment 3.5& 0.05 D, and the angles between ¢
them is 19.4 + 0.5°. SRR

As was mentioned earlier in this paper, in previous Stark = N
effect experimentson H,Ch, itsAuge Was given a positive sign ~ § 15680 - 17200 5
based on the red shift of they@rigin in going between an 5 3
n-hexane solution and a neatCh film. In this work, we have g r §
used a wider range of solvents and found some diversity in the § 2
H.Ch shift results. In aromatic solvents, the<S S origin band g 15670 1~ 717100 3,
shifted to the red as the solvent’s dielectric was increased; this -
is consistent with previous observatidhdowever, in nonaro-
matic polar solvents, a blue shift was observed as the solvent . , ) , | ) | » 17000
dielectric was increased (Figure 6). Similarbis-H,iBC also 0.0 10.0 20.0 30.0 40.0
red-shifted with increasing dielectric of the aromatic solvents, Dielectric constant

but blue-shifted with increasing dielectric in saturated polar Figure 9. Plot of absorption maxima (cr¥) against dielectric constant
solvents (Figure 7)ransH,iBC consistently red-shifted as the ~ for H:Ch (@), cisH,BC (a), and transH,iBC (®) in a series of
dielectric of the solvent increased for aromatic and nonaromatic 2romatic solvents. (The errors associated with these data are minimal
. . . . and are listed in Table 5.)
solvents (Figure 8). All of these origin band shifts for aromatic
solvents are illustrated in Figure 9 and are listed in Table 5. solution to solvation energies of the solute in its ground and
The explanation for these results came from work by excited states; solvation energies depend on several types of
Bayliss1718 The initial observation in this theory is that the intermolecular interactions (e.g., dipeldipole, dipole-polariza-
electronic absorption spectra of organic molecules in solution tion, dispersion). When the solute molecule is in its electronic
are red shifted with respect to those made in the gas phaseground state and it is in equilibrium with the surrounding solvent
This is due to solvent polarization by the transition dipole of cage, the solvation energy depends on the geometry of the
the molecule being excited; the extent of the polarization solvent and solute molecules and on the degree of mutual
depends on the solvent’s dielectric constant. Bayliss and orientation interaction, if the solvent and solute molecules are
McRaé® relate the frequency shift of the absorption band in polar. Thus, at the instant of excitation, the solute molecule is
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TABLE 5: Dielectric Constant (€) and Absorption Maxima In this work, we have experimentally determined the ground
(cm™) for HoCh, cisH2iBC, and trans-H2BC in a Series of state dipole moment of 4&h (4, 2.93+ 0.08 D). Since the
Aromatic Solvents Auge had already been measured(255+ 0.005 D)3° we
solvent € H>Ch cis trans found ue (2.68 + 0.08 D). Then, from the cube of molecular
benzene 228 156882 15681+1 17257+ 3 cavity radius determined from the chlorin data, we used the
toluene 2.37 1567%2 17282+ 3 solvatochromic shifts ofis- andtrans-H,iBC to determine their
bromobenzene 545 156652 15675+1 17153+3 respectiveuy values (0.35+ 0.08 and 2.16t 0.05 D). From
chlorobenzene 569 156812 15684+1 17193+3 previously measured changes in dipole momefts) of their
1,2 dichlorobenzene  10.11 15675 15681+ 1  17143+3 lowest energyrzr* transitions?> we were able to determine their
benzaldehyde 17.8 156432 15676+ 1 - . T
nitrobenzene 356 156602 15673+ 1 17046+ 3 respective excited-state dipole moment®(97+ 0.08 and 3.51

=+ 0.05 D). Free base chlorin and cis free base isobacteriochlorin

momentarily surrounded by a solvent cage whose size andhaveCz, symmetry, sqig andze are parallel; howevetrans
structure are those that are suited to the ground-state moleculeH2IBC hasCs symmetry and there is an angle of 194 0.5’
This is a strained condition; the two contributions to this are Petweeryig andie. Also, our solvatochromic shift experiments
packing strain and orientation strain. Orientation strain is indicated that only those measurements made in solvents with
expected when the solvent and solute molecules are polar andoW polarizability (nonaromatic) should be used to infer the sign
when the solute’s dipole moment changes during the electronicOf @ change in dipole moment derived from a Stark effect
transition. Packing strain is expected when the solute molecule €Xperiment.

is larger in the excited state. The example case in Bayliss'\Work

of interest here is the one in which both the solvent and solute Acknowledgment. This work was supported by the National
are polar and the solute undergoes an electronic transition whichinstitutes of Health (GM08153).

is accompanied by a change in the molecule’s dipole moment.
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