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Abstract: The room (295 K) and low (77 K) temperature absorption spectral properties of the protonated all-trans methyl and 
the all-trans and 1 I-cis n-butyl retinal Schiff bases have been examined. Upon addition of excessive amounts of anhydrous HCl 
(or HBr) gas to a solution of the Schiff base in 3-methylpentane and immediate cooling to 77 K, new or shifted in position 
bands maximizing at ca. 540 and 318 nm can be observed. With the utilization of predicted band maxima from semicmpirical 
theoretical calculations, we conclude that the new or shifted bands result from a lowering of the transition energy of the proton
ated Schiff base as a result of the preferential lowering of the excited singlet state (relative to the ground state) of the polyene 
because of interaction with the hydrogen halide solvent cage formed under our experimental conditions. These experimental 
results are consistent with the suggestion that in rhodopsin the lowering in energy of the chromophore's transition occurs via 
secondary noncovalent interactions with the protein opsin. The low-energy transition of rhodopsin, its bleaching intermediates, 
and synthetic pigments are briefly discussed. 

Introduction 

In their pioneering studies of the visual pigment rhodopsin. 
WaId and Hubbard3 determined that 11 -cis retinal was the 
chromophore bound to the protein opsin. The early suggestion 
by Collins4 and Morton and Pitt5 that the primary binding of 
11 -cis retinal to opsin was a protonated Schiff base linkage has 
recently received direct support from resonance Raman 
studies.6 9 It is generally accepted that the chromophore 
is bound covalently to a e-amino group of a lysine in 
opsin.10 L1 

Rhodopsin has a first absorption band maximum at 498 nm, 
em;„ 40 600 M - 1 cm - 1 . Protonated Schiff bases of all-trans 
retinal and aliphatic amines have an absorption maximum at 
ca. 440 n m , " which is at much shorter wavelengths (blue 
shifted) that the absorption maxima of rhodopsin, bathorho-
dopsin (formerly prelumirhodopsin, Xmax 543 nm), subsequent 
bleaching intermediates,16 and the synthetic pigments iso-
rhodopsin3 and 9,13-isorhodopsin (isorhodopsin II).17 This 
large bathochromic shift (shift to longer wavelengths; red shift) 
between the absorption maxima of visual pigments and simple 
protonated retinal Schiff bases has been the subject of much 
concern. Several theories have been proposed to explain the 
long-wavelength absorption maximum of rhodopsin.15 Hub
bard and Kropf18-19 have suggested that the low-energy tran
sition of the chromophore in visual pigments is the result of a 
stabilizing effect that the protein has upon the polyene via 
secondary Coulombic interactions. Blatz and co-workers2024 

have proposed that the protein controls the transition energy, 
of the chromophore by regulating the distance of the coun-
teranion to the nitrogen of the protonated Schiff base linkage. 
Leermakers and co-workers25 27 postulated that the batho
chromic shift in the absorption maximum of rhodopsin is due 
to a stabilization of the transition states as a result of interac
tions with the microenvironment of the chromophore resulting 
from the polarizability of the aromatic amino acids in opsin. 

Honig, Ebrey, and co-workers28 have recently suggested that 
the long-wavelength absorption maximum of rhodopsin can 
be accounted for using a modification of the proposal by 
Hubbard and Kropf.18-19 They suggest that the protonated 
Schiff base is in close association with its counterion and that 
an additional negatively charged (or polar) group(s) is located 
near the /3-ionone ring of the chromophore in the protein. 

We1-29 have previously reported on a protonated Schiff base 
of all-trans retinal that had an unusually long wavelength first 
absorption band maximum of 543 nm at 77 K when an excess 
of hydrogen chloride gas was used as a protonating species in 
a hydrocarbon solvent. Since hydrogen chloride is not disso
ciated under these conditions, it is possible that Coulombic 
interactions exist between the chlorine atom and the carbon 
atoms of the -K system of the polyene. These interactions may 
be of the same nature as those suggested by Hubbard and 
Kropf.18-19 We have, therefore, made a detailed experimental 
and theoretical investigation of the absorption spectral prop
erties of the protonated Schiff bases of all-trans and 11 -cis 
retinal. 

Experimental Section 

All-trans retinal (Sigma Chemical Co.) and 11 -cis retinal (a gen
erous gift of the Hoffmann-La Roche Chemical Co.) were used 
without further purification. «-Butylamine (Fisher Scientific) was 
distilled prior to use. The all-trans n-butyl retinal Schiff base was 
prepared by dissolving all-trans retinal in methanol, cooling to -78 
0C, adding an excess of n-butylamine, reacting overnight at 0 0C in 
the presence of a 3 A molecular sieve, filtering to remove the molecular 
sieve, and removing the unreacted rt-butylamine under vacuum. The 
1 1 -cis Schiff base was prepared by dissolving the retinal in 3-meth
ylpentane (~10~4 M), cooling to -78 0C, adding an equimolar 
amount of K-butylamine, and removing the solvent and unreacted 
fl-butylamine under vacuum. The all-trans methyl Schiff base was 
prepared by bubbling monomethylamine (Matheson Gas) into a 
chloroform solution of retinal containing a 3 A molecular sieve, fil
tering, and evaporating to dryness under vacuum. 

The all-trans Schiff bases were protonated at room temperature 
by bubbling hydrogen chloride (Matheson Gas) or hydrogen bromide 
(Linde Specialty Gas) directly into a sample solution contained in a 
2-mm quartz cell. The 11 -cis Schiff base was protonated at -63 0C 
using a chloroform/liquid nitrogen slush bath, since protonation at 
room temperature sometimes resulted in an absorption spectrum with 
low intensity in the 250-nm region, the "cis" peak, probably the result 
of some cis -» trans isomerization. All gases were purchased as an
hydrous and passed through subsequent drying traps of concentrated 
sulfuric acid, silica gel, and calcium chloride, then directly into the 
sample cell. 

The solvent for all spectroscopic studies (unless otherwise specified) 
was 3-methylpentane (3MP, Phillips Petroleum Co., 99+ mol %) 
which was refluxed and distilled from Dri-Na (Baker Chemicals) and 
chromatographed on silver nitrate alumina. 2-Methyltetrahydrofuran 
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was distilled from calcium hydride before use. 
Absorption spectra were recorded on a Cary Model 15 spectro

photometer. Flat-faced quartz cells were used in conjunction with 
flat-faced quartz liquid nitrogen Dewars. All optical quartz was of 
Suprasil II. Temperatures intermediate between 77 and 295 K were 
attained using a Wheelco Model 402 Capacitrol which was calibrated 
at 24, 0, —78, and —196 °C to be accurate within two degrees over this 
range. All spectra were corrected for surface reflection and back
ground absorption. 

Oscillator strengths were determined by replotting the absorption 
spectrum on an abscissa linear in wavenumber and an ordinate linear 
in molar extinction coefficient. A large reproduction of this spectrum 
was empirically divided into individual transitions assuming Gaussian 
band shapes. The numbers, which include no corrections due to the 
refractive index of the solvent, are measurable to within ±0.05. 

Calculations 
The results given in Table I for the all-trans protonated 

Schiff base were obtained using C=C, C-C, C = N bond 
distances of 1.336, 1.460, and 1.280 A, respectively. A simple 
Huckel calculation used standard parameters.30 An extended 
Huckel (EH) calculation followed a charge self-consistency 
procedure31 with the nitrogen HCl bond distance set at 1.03 
A. All Pariser-Parr-Pople (PPP) calculations were carried out 
within the framework of the usual SCF-MO-CI method as 
previously described32 in which all singly excited configurations 
up to 15 eV were included. The effect of protonation (i.e., the 
interaction between the imine nitrogen and HCl) was incor
porated into the PPP model in one of several ways. One model 
assumed that the effect of protonation was to delocalize the 
positive charge along the polyene chain and thus alter the 
ionization potential and electron affinity of the charged atoms. 
Calculations were also made (Table I) using the electrostatic 
model of Mataga and Mataga33 in which a proton of variable 
charge (ZH+) is bound to the nitrogen lone pair by an elec
trostatic force. The effect of negative point charges above the 
polyene chain was included by altering the Coulomb integral 
of the carbon atoms in the T electron system. Calculations were 
also made assuming a covalent model34 in which there is an 
electron transfer from the nitrogen to the proton, leading to 
covalent bonding. The CNDO calculations reported in the text 
were made using a program written by Dobash.35 

Results 

The room and low (77 K) temperature absorption spectral 
properties of the protonated all-trans methyl and the all-trans 
and 11-cis n-butyl retinal Schiff bases have been examined. 
We have previously made a detailed investigation of the ab

sorption spectral properties of the isomeric Schiff bases.32 At 
room temperature in 3MP solutions, the all-trans n-butyl 
Schiff base has a first absorption band maximum at 356 nm, 
which is shifted to 435 nm upon addition of anhydrous hy
drogen chloride gas. This band is broad and structureless. 
Cooling this solution to 77 K results in a slight shift of the band 
maxima to 440 nm with little change in the band shape, Figure 
1. At 77 K a second band having vibrational fine structure can 
be observed in the 310-360-nm region. 

Alternatively, if the solution is immediately plunged into 
liquid nitrogen after the addition of the anhydrous HCl gas, 
the solution becomes purple, rather than yellow-brown, and 
a new absorption spectrum can be recorded. This absorption 
spectrum has new bands at 542, 523, 505, and 318 nm, with 
a shift in the 440-nm band to ca. 460 nm.29 The intensity of the 
542-nm band and the presence of the other bands is very de
pendent upon the concentration of HCl. To maximize its in
tensity, a large excess of HCl must be used and the solution 
should be cooled immediately to 77 K, even while the gas is 
being added. An alternative method is to warm a solution 
displaying the 542-nm band as a shoulder from 77 K to ca. 100 
K. At this temperature, the rigid 3MP matrix melted, diffusion 
was visually observed to occur, and the 542- and 318-nm band 
intensities grew at the expense of the 460-nm band.29 

The 542- and 318-nm bands can be observed when the so
lution is warmed as high as 143 K, and recooled to 77 K, but 
above this temperature (ca. 145 K) the room temperature 
spectrum (Xmax 435 nm) is observed and recooling this solution 
to 77 K does not regenerate the 542-nm band, but results in a 
small shift to 440 nm. A solution that did not initially have a 
542-nm band (or shoulder) at 77 K was allowed to set at ca. 
100 K, and the 542- and 318-nm bands were generated. No 
dependence on the Schiff base concentration was observed in 
the 10 - 4-10 - 5 M range. Owing to the instability of this long-
wavelength absorbing species, it was not possible for us to 
characterize it by other spectral methods. 

Two results indicate that a two-species equilibrium is oc
curring with one species absorbing at 460 nm and the other at 
542 nm (with associated bands, vide supra). If a solution that 
only has a shoulder at 542 nm is allowed to set at 97 K, this 
band increases and the 460-nm band decreases. An isobestic 
point is observed at 486 nm.29 Emission studies36 indicate that 
two different fluorescences can be observed upon excitation 
at 460 and 540 nm. Furthermore, the 318- and 542-nm bands 
must originate from the same species since their absorptions 
grow in conjunction with one another; excitation into either 
of these bands results in the same fluorescence, and the fluo-

Table I. Models Used for Calculating the Absorption Maximum of All-Trans Schiff Bases with HCI" 

PPP method Calcd max, nm 

1. +1 charge on N 
2. +0.6 on N, +0.4 on adjacent C 

Derealization of Charge along Chain 

II Electrostatic Model 
l.ZH+ = 0.4 /-M H+ = 1.03 
2. ZH+ = 0.8 rK .H + = 1-03 
3.ZH+ = 0.8 rK H+= 1-29 
4. Zn+ = 0.4 r\_ H+ = 1 -03, increase conjugation along chain 

1. ( —) 3 A above Cu 
2. (-) 3 A above Ci"i 
3. ( - ) 3 A above C9 

1. No polarization of a core (+N) 
2. +0.4 on C adjacent to N 

III Electrostatic Model with Negative Point Charges above Chain 

IV Covalent Model 

425 
496 

454 
543 
521 
496 

411 
527 
507 

454 
503 

" The method of calculation is described more fully in the text. 
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Figure 1. The room temperature (• • •). low temperature (—), and hy
drogen halide cage perturbed ( — ) absorption spectra of the all-trans n-
butyl retinal Schiff base + HCI. 

rescence excitation spectrum displays both of these bands 
(however, not the 460-nm band). 

The room and low (77 K) temperature absorption spectra 
of the protonated all-trans methyl Schiff base are essentially 
identical with those for the n-butyl Schiff base, vide supra, 
including a long-wavelength 541-nm band and 318-nm peak. 
Recall that the absorption spectral properties of the nonpro-
tonated methyl and n-butyl all-trans Schiff bases are also es
sentially identical.32 

Protonation of the 11-cis «-butyl Schiff base in 3MP results 
in a shift in the room temperature absorption maximum from 
350 to 438 nm. Cooling to 77 K results in a shift to 442 nm, 
with an increase in the molar absorptivity of ca. 20%. A second 
band can be observed in the 310-350-nm region and like the 
all-trans protonated Schiff base it has vibrational fine struc
ture. At higher energies is a peak maximizing at 271 nm, 
Figure 2. 

At 77 K, the long-wavelength absorbing species has band 
maxima at 543, 502, 318, and 270 nm. Figure 2 (the 523-nm 
shoulder is absent). When this solution is irradiated at 77 K 
the 318- and 270-nm bands decrease, while the 543-nm band 
intensity increases. Upon prolonged exposure to visible light 
at 77 K, the intensity of all bands is decreased. 

Table II summarizes the absorption spectral properties of 
the all-trans and 11-cis n-butyl retinal Schiff base. Band 
maxima and oscillator strengths of the room temperature, 
low-temperature, and long wavelength absorbing species are 
given for all observed transitions above ca. 240 nm. 

Addition of hydrogen bromide gas to the all-trans tt-butyl 
Schiff base in 3MP and immediate cooling to 77 K resulted in 
a long-wavelength absorption band at 535 nm rather than 542 
nm. However, owing to the insolubility of the HBr in 3MP and 
the insolubility of the protonated Schiff base at 77 K the so
lution was opaque, which made it impossible to obtain quan
titative data on this complex. 

Protonation of the all-trans Schiff base in a polar solvent, 
2-methyltetrahydrofuran, with hydrogen chloride and cooling 
immediately to 77 K did not yield a long-wavelength absorp
tion. The absorption spectrum maximized at 440 nm. 

Discussion 
Since protonated retinal Schiff bases have first band max

ima at ca. 440 nm,15 the absorption spectrum recorded at 77 
K having band maxima at 542 and 318 nm must represent a 
new definitive species. The experimental conditions optimal 
for the formation of this species are a nonpolar solvent, large 
excesses of anhydrous HCl gas, and low temperature. Three 
possible models (other than a conventionally protonated Schiff 
base) are a cationic species, a charge transfer species, or a 
protonated Schiff base in a HCl/solvent cage. As will be dis
cussed below, the latter model best fits the experimental re-

4 0 0 

WAVENUMBER 

Figure 2. The room temperature (• • •). low temperature (- - -). and hy
drogen halide cage perturbed (—) absorption spectra of the I 1-cis n-bulyl 
retinal Schiff base + HCl. 

Table II. Experimental Band Maxima and Oscillator Strengths 
of Protonated Schiff Bases 

295 K 
77 K 
77 K 

295 K 
77 K 
77 K 

Transition Transition 
I 11 

All-trans SB + HCl 
433(1.47) 300-340(0.09) 
440(1.33) 310-355(0.14) 
542(1.83) 318(0.26) 

11-raSB + HCl 
438(0.72) 310-340(0.12) 
442(0.83) 310-340(0.36) 
543(0.89) 318(0.25) 

Transition 
III 

271 (0.18) 
272(0.17) 

260-290(0,12) 

268 (0.36) 
271 (0.46) 

260-270(0.19) 

quirements. Theoretical calculations predict that a pure all-
trans retinylic cation would absorb at ca. 600 nm.37 39 How
ever, the best evidence against a cationic species is that in 2-
propanol/sulfuric acid at ca. -50 0C, it has an absorption at 
603 nm.40 A charge transfer model where the hydrogen chlo
ride acts as an electron acceptor from the polyene -ir system is 
a possibility. However, if a charge transfer complex were to 
be formed, we would be unable to account for the dependence 
on the concentration of hydrogen chloride, and the temperature 
dependences at ca. 145 K.41 

Although the results of semiempirical molecular orbital 
calculations must be treated with caution, calculations com
bined with our experimental observations suggest a structure 
for this new species. Theoretical calculations show42 45 that 
the position of the band maxima of protonated retinal Schiff 
bases is sensitive to negatively or positively charged groups 
in its environment, either at the nitrogen of the Schiff 
base37 39.43-45 or at the opposite end of the polyene.28-42'44 We 
have also observed this effect using the PPP method (Table I). 
However, as the results of Table I indicate, there is no unique 
way to account for this shift by calculations alone. For example, 
negative point charges above the chain, increased conjugation 
along the chain (i.e., decreasing the amount of single and 
double bond alteration), and increased derealization of pos
itive charge along the chain can all introduce a calculated red 
shift. Nevertheless, the formation of a solvent cage in which 
the polar, but nondissociated, hydrogen chloride (or hydrogen 
bromide) molecules can interact electrostatically with the 
polyene chain of the protonated Schiff base best fits the ex
perimental requirements for the formation of the long-wave
length absorbing species. This interaction would result in a 
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stabilization of the polyene, and is supported by theoretical 
calculations which indicate that the positioning of a negative 
charge along the polyene chain can induce a red shift in the 
absorption maximum. CNDO calculations of the charge 
densities of a model protonated all-trans Schiff base indicate 
that the carbon atoms are alternately electropositive and 
electronegative. 

+0.01 0.07 0.08 0.12 0.16 0.27 

Therefore, the 8~ chlorine atom of HCl would interact with 
the S+ carbon atoms of the polyene. Mathies and Stryd46 have 
recently determined that all-trans retinal, its n-butylamine 
Schiff base, and its protonated Schiff base have a highly di
polar excited singlet state, thus indicating that Coulombic 
interactions with charged groups would result in a lowering 
of the transition energy of the chromophore by stabilization 
of its excited state. In our case, a solvent cage containing polar 
hydrogen chloride molecules could interact with the polyene 
carbon atoms preferentially stabilizing its excited singlet state 
(relative to the ground state). 

Let us discuss our experimental results in light of the fol
lowing three theories that have been used to explain the 
bathochromic shift between the absorption maxima of visual 
pigments and protonated Schiff bases: secondary protein-
chromophore interactions of a Coulombic nature; interactions 
between the polarizable aromatic amino acids in opsin and the 
chromophore; and the proximity of the counteranion to the 
protonated Schiff base linkage. This latter theory is supported 
by theoretical calculations22'37-39'42'43'45 and environmental 
studies of model protonated Schiff bases.2o-2s.47,48 j n o u r ex_ 
periments the hydrogen chloride protonating species is not 
(essentially) dissociated and large excesses are required for the 
formation of the species with a long-wavelength absorption 
band at low temperatures. This indicates that factors in addi
tion to the degree of protonation of the Schiff base linkage can 
induce large bathochromic shifts for protonated retinal Schiff 
bases. 

Leermakers and co-workers25-27 suggest that interactions 
between the chromophore and polarizable groups within the 
protein can lead to a lowering of the transition energy of the 
chromophore. Aromatic amino acids are present near the 
binding site of the chromophore in rhodopsin;49-50 however, 
theoretical calculations42'43 indicate that the polarizability of 
the chromophore environment in the protein would not induce 
bathochromic shifts of the mangitude found in visual pig
ments. 

Hubbard and Kropf18'19 suggest that the band maxima of 
visual pigments is at lower energies as a result of secondary 
noncovalent interactions between opsin and the polyene. The 
data reported here support this theory and the slightly modified 
theory of Honig and Ebrey.28 In our case the interactions occur 
between the chlorine atom of the polar hydrogen chloride 
molecules that help comprise the solvent cage and the carbon 
atoms of the x electronic system of the protonated Schiff 
base.51 

One result that may have important implications in visual 
pigments is that experimentally, we have demonstrated that 
sufficient stabilization is imparted by the presence of one or 
more electronegative atoms and that an anion need not be 
present, which agrees with calculations of Honig, Ebrey, and 
co-workers.28 

Our results also indicate that in our low-temperature solvent 
cages, the geometry of the chromophore is unimportant in 
determining the transition energy of the protonated Schiff base 
since the shape of the equilibrium solvent cage would pre
sumably alter to optimize the Coulombic interactions with the 
polyene. In visual pigments the magnitude of the electrostatic 

interactions would be controlled largely by the distance of the 
polyene to the stabilizing species since the mobility of these 
groups is expected to be largely inhibited. Previous theoretical 
calculations21'42-44 and the calculations presented here indicate 
that the transition energy is dependent upon the position and 
magnitude of the negative charge in relationship to the poly
ene. 

There is evidence that the protein in rhodopsin undergoes 
no significant conformational changes until after lumirho-
dopsin intermediate.52-53 If this is the case then the decay of 
lumirhodopsin to metarhodopsin I represents a weakening in 
the protein-chromophore interaction as a result of the un
folding of the protein. The small energy differences (ca. 450 
cm-1) between the absorption maxima of rhodopsin, isorho-
dopsin, 9,13-isorhodopsin (isorhodopsin II), and lumirhodopsin 
probably result from small differences in distance between the 
chromophore in these pigments and one particular site of 
secondary interaction. The bathorhodopsin (prelumirhodopsin) 
bleaching intermediate is unique since its long-wavelength 
adsorption maximum is ca. 40-50 nm to the red of all other 
pigments and cannot be explained on the basis of secondary 
Coulombic interactions alone. As previously suggested by 
Yoshizawa and WaId,52 the bathorhodopsin intermediate may 
be highly twisted about double bonds, although an alternative 
structure has been proposed.54 

Several comments about the structural features of proton
ated Schiff bases (Xmax 440 nm) should be made. As was the 
case in the isomeric retinals55-57 and their Schiff bases,32'36 

the second observed band in protonated Schiff bases shows fine 
structure in both the all-trans (HCl, HBr) and 11-cis (HCl) 
isomers. We assign the second observed band as a x* *— x 
transition in the protonated retinal Schiff bases. 

The 11-cis protonated Schiff base (Xmax ca. 438 nm) has 
several interesting spectral differences compared to the trans 
form. The 271 -nm band of 11 -cis retinal Schiff base (Xmax 438 
nm) is very intense and is assigned as the "cis" band15 ("Ag~" 
using Cjh symmetry notation) arising from a higher x* "— x 
transition. Upon cooling a room temperature solution of the 
11-cis protonated Schiff base, there is a small red shift in the 
first band to 442 nm and increase in the oscillator strength by 
15-20%. This spectral behavior is similar to that of 11-cis 
retinal56-59 and its n-butyl Schiff base,32 and has been inter
preted as resulting from a redistribution of the populations of 
the 12-s-cis and 12-s-trans conformations with tem
perature,32'60-63 with the 12-s-trans predominating at lower 
temperatures.32,59 

Summary 
The protonated Schiff base of 11-cis retinal has absorption 

spectral properties that parallel those of retinals and nonpro-
tonated Schiff bases including a temperature-sensitive first 
band maxima, vibrational structure in the second observed x* 
•«- x transition, and a "cis" peak at higher energies. 

Cooling a solution of the all-trans or 11-cis retinal Schiff 
base to 77 K immediately after addition of anhydrous hydrogen 
chloride gas results in the formation of a species with a long-
wavelength absorption maximum at ca. 540 nm with related 
bands.64 With the aid of theoretical calculations, we conclude 
that this low-energy transition of the polyene is the result of 
a preferential stabilization (relative to the ground state) of the 
excited singlet state caused by the formation of a solvent cage 
containing the polar hydrogen chloride molecules where the 
chlorine atom can interact with the <5+ atoms of the polyene. 
The electrostatic nature of these interactions gives experi
mental evidence that is consistent with the suggestion by 
Hubbard and Kropf18-19 and that of Honig and Ebrey28 that 
in rhodopsin the transition of the chromophore is at a lower 
energy as a result of interactions with the protein environment. 
It is thus possible to explain the low-energy transition of rho-
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dopsin, its bleaching intermediates and synthetic pigments 
using the Hubbard and Kropf model. 
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