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Interpretation of Fluorescence Detected
Circular Dichroism Data

Sir:

Recently Turner et al.! reported on the use of fluores-
cence for detecting circular dichroism (CD) in molecular
systems. We have also been investigating this technique and

wish to report on some similarities and differences between
their results and ours. In particular the approach taken by
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us on the analysis of results provides some guidance on how
the contributions of various competing mechanisms might
be disentangled.

It is known that circular dichroism is a powerful tech-
nique for investigating molecular structure. Until recently
all such investigations were carried out in transmission.
More recently Schlessinger and Steinberg?? have shown
that measurement of the circular polarization of the light
emitted in fluorescence can often provide the same type of
information. In the event that there is molecular rearrange-
ment or energy transfer while the molecule is in the excited
state, the Schlessinger and Steinberg technique can provide
information otherwise not obtainable through other means.
In another development Pao* and Einhorn et al.® have
shown that CD may also be measured in reflection. How-
ever the reflection method suffers from some practical limi-
tations, the need for extreme accuracy in optical alignment
being one of these.

The transmission experiment is perfectly satisfactory ex-
cept when the samples of interest become nearly opaque
and/or when nonhomogeneous samples (such as cellular
structure of nonuniform composition) are involved. Under
such circumstances the technique reported by Turner et al.
and studied by us constitutes a powerful alternate approach.
Another circumstance of interest is the one emphasized by
Turner et al., namely, the possibility of disentangling two
overlapping CD species, only one of which is fluorescent.

However, use of the fluorescence technique brings with it
certain complexities in the interpretation of results. Some of
these are mentioned in the Turner et al. communication and
we wish to expand on these in this note.

Laser excitation by an Argon ion laser at three discrete
wavelengths, namely, 458, 476, and 488 nm, were used in
our experiment. An Isomet Model 401-A Pockel cell is used
to modulate the polarization of the incident beam. The fluo-
rescence output is detected either in the forward direction
and/or at 90° to the excitation beam. The light output is
detected with a Hamatsu Type R37S photomultiplier, and
the resulting electrical signal is processed through a P.A R.
Model HR-8 lock-in amplifier. The DC output voltage of
the PMT is held constant by automatic control of the pho-
tomultiplier high voltage supply. The sensitivity and other
CD measurement characteristics of this spectropolarimeter
are similar to those of commercially available instruments,
provided laser excitation is used.

The system studied by us is the polysaccharide chondroi-
tin sulfate Type A (CSA) complexed with acridine orange
dye. The system turned out to be a very difficult system. As
we proceeded, we found that results varied appreciably de-
pending on the ratio of the concentrations of CSA and dye
and on whether the dye was added to the polymer solution
or whether polymer was added to a dye solution. Further-
more CD varied drastically with temperature. After we had
unraveled or at least had characterized these trends, we find
that the CD detected in fluorescence agreed with that ob-
tained in transmission in general trends but could be off by
a scaling factor (0.5-6) which varied from case to case.

In interpretation of data we represented possible systems
somewhat differently compared to the scheme used in the
Turner publication. We feel that two basic types of situa-
tion may be present in the FDCD experiment.

The first and simplest situation arises when an optically
active nonfluorescent material is present with another fluo-
rescent nonactive material. Near the front surface of the
sample where the intensity of the alternately left then right
circularly polarized incident beam is constant, the fluores-
cence output is also constant. However, for an interior point
of the sample there are variations in the incident light inten-

Communications to the Editor



4752

Table I. Summary of CD Properties?
Fluorescent nonoptically active Nonflnorescent nonoptically Nonfluorescent optically ac-
material and nonfluorescent active absorber and fluorescent tive material and fluorescent
optically active material optically active material optically active material
Transmission Case 1 Case 2n,=0,n, #0,4,#0 Case3n, =0 Cased n, =0
B Ime, (1 —1074) noloe, (1~ 1074) nylyey (1 ~ 1074)
Ipc 10741, K T .
~1,841In 10X 1074 ~I,ne A€ nJ,A€'e, o,
104 _ 2o 1 LE L .
fac 2 s 110 2¢? Sor (e, —ehe)(l -
- ‘ 107444,1n 10
10744 1n 10] 1104 +~———A~- - 1074)+ 1074 ade, ¢ In
1 10]
Iac ~AA41n 10 A410741In 10 A€ AA1074 In 10+Ae'el' AA1074In 10 Ae,'e,
—_— —_——— - + -
Ipc 2 2(1-1074)  2¢ 21 - 1074)  2€'e, 2(1 = 1074)  2¢'e,
Ae,’
V107484 1n 10 ¥
1074441 A€’ ' ‘A€’ /q_—_ /’_‘
/v S n 10 € Wy i€, (11074 el'Ae ' '1721’0 1 1 LY
2K, 2K,e'NJe (1 - 1074 20K,  Jee, (1 - 1074Y! 2K, Je'e, (1 - 1074)
(1+A41n10)] : [(e, Be,” ~ €, ae, )1 -

(1 - 1074 +[}O'A

AA,InlO)J
4,

1074) + 104 ade, e’ In 10]

aNote: A=A4,+A4,, ¢ =¢ +e,, ¢, =¢C,A, =¢,Cl n=efficiency of material = (incident beam power)/(fluorescent output power).

sity as the circular polarization state of the incident beam
changes due to the presence of the optically active material
between the front surface and the interior point. This varia-
tion in intensity of the incident beam on the fluorescent
molecules at interior points causes a variation in the intensi-
ty of emitted fluorescence light, The fluorescent material
acts as an indicator or tracer for the active material. The
output signal from the total sample is an average of the con-
tributions from each point in the cell.

The second and somewhat more complex situation arises
when an optically active fluorescent material is present in a
solution either by itself or together with a nonactive nonflu-
orescent absorbing material. The absorbed energy and the
emitted fluorescence light are dependent upon the intensity
and circular polarization state of the light incident upon the
active fluorescent material. For example, if 4. > A4r the
energy absorbed and the fluorescence light emitted by a
molecule at the front surface of the sample, where the in-
tensity of the incident beam is constant, will be a maximum
when the incident beam is LCP (left circularly polarized).
The transmitted beam which is incident on molecules not at
the front surface will be of minimum intensity when the in-
cident beam is LCP. For interior points the molecule’s abili-
ty to more readily absorb energy from LCP light is negated
by the reduction in the intensity of LCP light relative to the
RCP light. For molecules less than 1/(ec In 10) distant
from the front of the sample where € and ¢ represent the ex-
tinction coefficient and concentration, respectively, of the
optically active fluorescent material, the absorption prefer-
ence of the molecule for LCP prevails and fluorescence out-
put from these molecules is a minimum when the incident
beam is LCP. For molecules further than 1/(ec In 10) from
the front surface, the intensity difference between the LCP
and RCP incident light is more important and the fluores-
cence output from these molecules is 2 minimum when the
incident beam is LCP. For the entire sample cell the fluo-
rescence output will be a2 maximum when the incident beam
is LCP but the magnitude of the variation in fluorescence
output with incident beam polarization changes will be
strongly dependent on cell length. The maximum variation
in the fluorescence output as the incident beam polarization
changes will occur when the cell length is 1/(ec In 10). For

long cells the variation in the fluorescence signal may be in-
creased by adding a nonactive nonfluorescent absorber to
the solution. The absorber attenuates the incident beam as
it traverses the sample cell and thereby decreases dispropor-
tionately the fluorescence contribution from the rear of the
cell. The net result is that the variation in the fluorescence
output is significantly larger than it would have been had
the absorber been absent.

In Table I the signals of experimental interest are tabu-
lated for the transmission case, the two fundamental
cases just described, and the case of an optically active fluo-
rescent material in solution with a nonfluorescent active
material as discussed in the Turner paper. The quantities of
experimental interest are: (1) Ipc, the DC or average value
of the output light; (2) Tac, the AC or peak value of the
variations in output light which result from the polarization
variations in the incident beam; (3) Iac//pc, the directly
observed quantity which in the transmission case is directly
proportional to AA4: (4) S//V, the signal to noise ratio based
on the assumption that the noise is due entirely to shot
noise; the noise is equal to K+/Tpc where X is a proportion-
ality constant which is a function of system bandwidth and
wavelength of light being observed.

Several important conclusions can be drawn from the
equations in Table I. (1) The signal to noise ratio for fluo-
rescence experiments can be greater than the S/N ratio for
transmission experiments for optically dense materials.
Case 3 with ¢/” = 0 is the only exception to this. (2) For
case 2 (the tracer or indicator effect) the AC/DC ratio will
be of the same polarity as the transmission ratio and will
approach a constant value of —A¢/2¢ for optically dense
samples. (3) For case 3 (the absorber effect) the AC/DC
ratio will have the polarity opposite to that of the transmis-
sion ratio and will approach a constant value of Ae’e1’/2¢’ey’
for optically dense samples. If ¢,/ = 0 (no absorber) the
ratio will go to zero for optically dense samples. (4) Case 4
may be viewed as a combination of case 2 and case 3 with
the AC/DC ratios for optical dense samples approaching
(Aer’e)’/2€¢/ex’) = (Ae)’/2¢€’). (5) For a sample of unknown
classification the polarity of the fluorescence CD compared
to that of the transmission CD along with the manner in
which the CD varies as cell length is changed may provide

Journal of the American Chemical Society | 97:16 | August 6, 1975



the information required to correctly classify the sample.

The results of Turner, Tinoco, and Maestre (eq ! and 2
of ref 1) are identical with those exhibited for cases 3 and 4
of Table I except for a factor of In 10/2 which seems to be
missing in eq 2 of ref 1. We note that case 2 and 3 of Table
I could be obtained from case 4 if the appropriate combina-
tion of limiting procedures is used.

The thrust of our program is the detection of backward
scattered fluorescence light, an experimental configuration
suitable for the scanning of opaque samples, possibly solid
and possibly of nonuniform composition. Focused laser ex-
citation is used for this purpose, and further results will be
submitted for publication in the near future.
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An Optical Rotatory Dispersion Study of the
Conformation of Optically Active

Biphenyls in Solution

Sir:

The preferred geometry of biphenyl varies considerably
with experimental conditions. The torsional angle between
the rings has been variously reported to be 42-45° (gas
phase),! 0° (crystalline),? and 20° (solution).> When the
torsional angle, ¢, is neither 0 or 90°, biphenyl exists in two
enantiomeric conformations, Ila and IIla (with torsional
angles ¢ and 180° — ¢), that can interconvert by traversing
a transition state at either 0 or 90° (see Figure 1).

Although substituted biphenyls of the type I have long
been known to have torsional angles different from 0, 90,
and 180° (0° is defined as X eclipsing X) in both the gas*
and solution’ phases, no evidence for the exisence of more
than one conformation between ¢ = 0 and 180° was pre-
sented. We present evidence in support of the existence of
two equilibrating conformations (0° < ¢ < 180°) for sever-
al optically active biphenyls. If two conformations (0° < ¢

=0

Ia,X=Y=H
b.X =CH; Y = NO.
¢,X = COOH; Y = NO.
d.X = CH.OH; Y = NO.
e.X = CH,Br: Y = NO.

< 180°) exist for optically active biphenyls such as Ib-e,
the relationship between energy and torsional angle be-
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Figure 1. Possible conformations of substituted biphenyls.
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Figure 2. Energy vs. torsional angle for (A) biphenyl; (B) optically ac-
tive biphenyls such as Ib or Ic. The values of the extrema are chosen
for illustrative purposes only.

comes more complicated than that for biphenyl, itself (see
Figure 2). The potential barriers at 0 and 180° no longer
are of equal magnitude. The potential barriers that were at
90 and 270° are generally shifted somewhat from these an-
gles. Notably, IIb-e and I1Ib-e are no longer enantiomers
but diastereomers. Thus, IIb-e and Il1b-e differ in energy.
Assuming the barrier at 90° to be small, IIb-e and IlIb-e
will be in equilibrium, with their relative populations deter-
minable from a Boltzmann distribution.

If we consider the groups X and Y to be perturbations on
la, we expect lIb-e and IlIb-e to have opposite chirality
(and molecular rotation) since Ila and I1la are enantiomers
(this has been predicted®? from the theory of Kirkwood® for
the transition near 260 nm). Thus, a small change in the
relative populations of Ilb-e should result in a significant
change in the observed molecular rotations of Ib-e.

The ORD spectra of Ib-e have been measured as a func-
tion of temperature. The results for the Anax Nearest 260
nm (the transition due to the chirality of the phenyl-phenyl
twistS) are collected in Table I. The spectra were measured
in a thermostated cell using a Durrum-Jasco J-20 spectrom-
eter. After the temperature was varied, the initial spectrum
was remeasured. No racemization was detected for any of
the compounds studied. The behavior of Ib in n-octane was
essentially identical with that in methanol (the 254 nm
rotation at +45.0° decreased to 0.76 of its —15.0° value).
Unfortunately the low solubility of the other biphenyls in
n-octane precluded further studies in this solvent.

The data indicate that large reversible changes in rota-
tion occur. In the case of Id, for example, the rotation de-
creases by more than one-third upon going from =15 to
+45°. Such a phenomenon strongly suggests that there be a
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