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ABSTRACT: Applications of scattering theory to the estimation of absorption coefficients of macromolecules
yield values that are different from those obtained from the direct application of the Beer~Lambert law.
These differences in absorption coefficients can be explained in terms of the size and optical properties of
the macromolecules. This paper reports on the effects of the molecular conformation on the interpretation
of the scattering-corrected absorption spectra of macromolecules. Using Monte Carlo simulations, the
conformation of polymer chains modeled as self-avoiding walks on a tetrahedral lattice has been investigated.
It is demonstrated that the number of chromophores in the trajectory of the incident light varies as a function
of the molecular weight. Through an extension of the Beer-Lambert law, the effect of alignment of chromophoric
groups is explored and the results are compared with experimentally measured spectra. It is concluded that
information on the conformation of macromoleculesis contained in the UV-vis spectra and that this information

may be quantitatively extracted.

Introduction

The purpose of this paper is to examine the effect of
polymer conformation on the absorption spectra of mac-
romolecules in solution. This is achieved, theoretically,
through the use of molecular simulations, through the
theory of light scattering, and through an extension of the
Beer-Lambert law. Conclusions from the theoretical
analysis are experimentally supported by careful mea-
surements on commercially available narrow molecular
weight distribution polystyrene standards. Motivation
for this study stems from the discrepancy found in
literature-reported values of the absorption coefficients
of macromolecules and on the implications of such
differences for the interpretation of the physico-chemical
properties of macromolecules in solution.

Absorption spectroscopy studies of homopolymers,
copolymers, and proteins have shown significant devia-
tions from the Beer-Lambert law and from the assump-
tion of additivity of the absorption of the individual
chromophores.}-1* Band shifts, solvent effects, and hy-
pochromic effects have been observed as functions of the
composition and microstructure of the polymer chains.?-
These deviations have been correlated with the sequence
length, with tacticity,34810.11 gnd, in some cases, with the
conformation of the molecules in solution.2é® Deviations
from Beer’s law have been observed for polymers con-
taining strong chromophores, as well as for polymers
containing weakly absorbing groups.!3!* Recent studies
on the information content of spectroscopy data have
analyzed the effects of the number of end groups, chemical
composition, and polymer microstructure on the absorp-
tion spectra.l1¢ In addition, scattering effects due to the
molecular size and spectral shifts due to changes in the
solvent refractive index have also beenreported.!”? From
these studies, it is apparent that, although it may be
possible to interpret the UV-vis spectra in terms of a
dominant parameter, in general, no single effect will
account for all the deviations reported. For example,
Figures 1 and 2 show the scattering-corrected UV-~vis
spectra of well-characterized narrow polystyrene stan-
dards. Notice that, if the scattering corrections were
sufficient to explain the observed spectral differences,’
all the spectra should coincide. Furthermore, if the
extinction coefficient at 264 nm is plotted as a function
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Figure 1. Measured scattering-corrected extinction spectra of
narrow polystyrene standards of low and intermediate molecular
weights in THF at 25 °C. The molecular weights are indicated.
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Figure 2. Measured scattering-corrected extinction spectra of
narrow polystyrene standards of high molecular weights in THF
at 25 °C. The molecular weights are indicated. Note the reversal
in the trend compared to Figure 1.

of molecular weight (Figure 3), a well-defined nonlinear
behavior becomes apparent. A reasonable explanation of
Figures 1-3 is that the spectral differences may be due to
the conformation of the polymer in solution.2131¢ How-
ever, to consider polymer conformation as an important
variable in determining the absorption spectra, it is
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Figure 3. Nonlinear behavior of the measured absorption
coefficient of polystyrene standards in THF at A = 254 nm.

Table I

My M, € (254 nm) (R')a ng X 108
517 503 1607.75 16.67 8.676
1940 1690 1594.54 32.42 8.644
5480 5200 1625.82 53.97 8.478
7820 7400 1646.41 64.06 8.372
12 200 12 000 1721.04 78.26 8.009
52 100 50 400 1806.99 157.83 7.628
118 000 107 000 1961.27 228.00 7.029
612 000 556 000 2121.76 499.22 6.496
1 460 000 1 200 000 1932.51 807.99 7.137
8420000 7196580 1598.18 2133.56 9.079

% (R,) (in A) calculated from eq 4 or eq 11. ¢ n, (in number/cm?)
assuming a constant M/(R;)%

necessary to demonstrate that indeed optical effects are
possible as a result of the polymer conformation and, then,
to quantitatively incorporate these effects into the inter-
pretation model. For this purpose, the analysis has been
divided into three sections; the first section deals with
possible optical effects due to polymer conformation in
the context of Mie theory and the Beer—-Lambert law; in
the second section it is demonstrated, using molecular
simulation techniques, that alignment of chromophoric
groups is likely to occur; the third section deals with the
comparison between model predictions and experimentally
determined absorption spectra of narrow molecular weight
distribution polystyrene standards. Before presenting the
analysis, a brief description of the experimental work is
given.

Experimental Methods

Narrow polystyrene standards (Scientific Polymer Products,
Inc.) were dissolved in spectral-grade tetrahydrofuran (Burdick
and Jackson Laboratories) at several carefully predetermined
concentrations. The UV-vis spectra were recorded on a Perkin-
Elmer 3840 photodiode array UV-vis spectrophotometer equipped
with a thermoelectric cell holder and a temperature controller
with temperature-programming capabilities. A 1-cm-path-length
cell was used for all measurements. The turbidity spectra of the
polystyrenes were obtained from measurements at several
concentrations. Up toseven concentrations plus replicates were
used to obtain good estimates of the optical constants as well as
good estimates of the measurement errors. Special care wastaken
to ensure that the measurements were always within the linear
range of the instrument. The spectroscopy data were stored in
a Perkin-Elmer 7500 computer and analyzed using the inter-
pretation software developed in house. The scattering-corrected
spectra areshown in Figures 1 and 2, and the measured extinction
at 254 nm is reported in Table I.

Optical Effects and Molecular Conformation

In standard UV-vis transmission spectroscopy mea-
surements using unpolarized light, conformation effects
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Figure 4. Ideal random coil contained in a cube of dimensions
equal to the end-to-end distance of the chain. I, represents the
incident radiation, and the full circles represent the chromophores
aligned in the direction of I;.

may become evident through changes in the absorption
and scattering components of the spectra. If a random
coil is hypothesized as shown in Figure 4 and a beam of
light is considered to traverse the molecule, the number
of chromophoric groups in the trajectory of the light (i.e.,
the segment density) will determine the amount of light
that will be scattered or absorbed.?® Furthermore, if it is
assumed that the cross section of a molecule can be
approximated by the cross section defined by the effective
scattering volume, the dimensions of the cross section,
when estimated from experimental data, will reflect
scattering effects due to the alignment of functional groups
within the molecule. In addition, it is known that, for
small absorbing particles in the Rayleigh regime, the
scattering component will be small relative to the ab-
sorption component of the spectra.?2?! Therefore, for
macromolecules, chromophore alignments and density
changes resulting from molecular conformations are ex-
pected to be reflected primarily through changes in the
absorption coefficient.

To analyze the effect of polymer conformation on the
absorption coefficient, consider a polymer molecule with
chain length N enclosed in a cube of dimensions equal to
the end-to-end distance (L) of the molecule (Figure 4),
where the area (A) facing the incident radiation is divided
into Z subareas equal to the absorption croes-sectional
area of a single chromophore ().

Z=L'=A/a m

In addition, assume that there will be only one chro-
mophore in every occupied cell in the lattice and that the
Beer-Lambert law is applicable to every volume element
in the cube. For an incoming beam of intensity I, and
wavelength ), it can be readily shown that the transmission
across the cube is given by

L L
Ul = (DY D expl-¢(N) Mon(i,j)/ (Npy)] (2)
LI}

where ¢(\) represents the absorption coefficient per
chromophore (cm?/g), M, is the molecular weight of the
chromophoricgroups, N,y is Avogadro’s number, and n(i,j)
represents the number of chromophores contained in the
volume element defined by the subarea with coordinates
(i, /). Notice that n(i,j) also represents the number of
chromophoric groups aligned in the direction of the
incident beam.
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Replacing Z from eq 1 into eq 2 and expanding the
exponential term, an expression in terms of the moments
of the distribution of alignments per unit area is obtained:

/1), = 1 - eMpg + €N uy/2! - eM)3uy/3 + ... (3)
where u, represents the nth moment of the distribution
of alignments.

Alternatively, eq 3 can be expressed in terms of the
averages of the distribution of alignments

(I/1),=1-¢N[1-¢(n,/2)(1-€¢(n,/3)(1-..)] 4
¢ = e(\) MyN, L’ (5)

where n, and ny represent the number- and weight-average
number of alignments.

Equations 4 and 5 describe the dependence of the overall
absorption coefficient

&0 =1n (/) ®

on the molecular dimensions and on the distribution of
chromophore alignments. Notice that eq 2 can be used
to approximate any geometry. If a different geometry is
used, L represents a characteristic dimension and ¢ will
contain the corresponding form factor.

Although egs 4 and 5 provide a conceptual basis for the
understanding of conformation effects on the overall Beer—
Lambert absorption coefficient, use of eq 4 is difficult
because the form of the distribution of alignments is
unknown (see nextsection). Nevertheless, similar insights
may be obtained if it is realized that the probability of
alignments for the chromophoric groups should be related
tothe distribution of chain segments relative to the center
of mass (i.e., the segment density).

The approximate distribution of segments, for a Gauss-
ian chain, as a function of the distance from the center of
mass (r) and of the radius of gyration ((Rg)) is given by?2-24

p(r) = (M/N,)(3/2%(R,)*)** exp(-3r*/2(R,)") (1)

where p(r) is the segment density in grams per cubic
centimeter and M represents the polymer molecular
weight.

If the area facing the incoming radiation (Ip) is now
considered tobe the circle defined by the radius of gyration,
the density projected onto the surface is given by

p(r) = (M/N,)(3/2x(R)D/®Y " (-8/2(1 - r*/(R)H)™
m=1

2m + )m! (8)
and the transmission across the sphere will be given by

W1, = @R [ *exp(-2¢0) 5(7) (RN rdr )

Expanding the exponential in the power series and keeping
only the leading term, eq 9 can be readily integrated to
yield

/Iy =1-8)_(-3/2™/[(m+ DI@m + D] (10)
m=]

B = «2M/N,,(R,)*)(3/27)*/*

Since 8 « 1 for absorption coefficients typical of mac-
romolecules, to a good approximation, eq 10 can be
simplified to
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(I/1y), = exp(—xe(\) M/(R,)?) (11

k= (2/N)(3/20%2Y " (-3/2)™/[(m + DY(2m + 1)]

m=1

Equation 11 indicates that, to a first approximation, the
overall Beer-Lambert absorption coefficient (e()\)) is
directly proportional to the molecular weight of the
polymer and inversely proportional to the square of its
radius of gyration. This is in agreement with the first
term in eq 4. It is clear that the combined effects of the
radius of gyration and molecular weight play an important
role in explaining the behavior shown in Figures 1-3. The
expected variations of the extinction coefficient as fune-
tions of molecular weight and radius of gyration for values
typical of macromolecules?-27 are shown in Figures 5 and
6.

Equations 4 and 11 enable the use of Mie theory for the
joint estimation of the radius of gyration and the molecular
weight directly from turbidity measurements. Touse Mie
theory for the interpretation of the turbidity spectra of
macromolecules, it is necessary to calculate the Mie
absorption coefficient in terms of the Beer-Lambert
absorption coefficient through Bouger’s law!":20

E(\) = Ae;(A)/4r (12)

The complete interpretation model is now given by either
eq 4 or eq 11, by eq 12, and by Mie scattering formulas.2
However, itremains to be demonstrated that the alignment
of chromophoric groups is likely to occur for macromol-
ecules in solution and to obtain estimates on the probability
of alignments as a function of the molecular weight to
assess the order of magnitude of the expected conformation
effects. Both of these objectives are explored using Monte
Carlo simulation of ideal polymer chains.

Likelihood of Chromophore Alignments

A simple model of a single homopolymer chain in a good
solvent was utilized to study the probabilities of alignment
and segment density distributions. Self-avoiding walks
(SAWs) were simulated on a tetrahedral lattice using
known Monte Carlo methods.?® To generate sizable
samples of large chains, the chain-enrichment algorithm,
originally conceived by Wall and Erpenbeck,?® was im-
plemented. Inthis method,twointegerssand p are chosen
such that they satisfy

exp({s)=p+4 (13)

where 6 is a small positive number and ¢{ is the attrition
constant. The parameter { depends only on the type of
walk and lattice (0.041 for SAWs on a three-dimensional
tetrahedral lattice). The attrition constant relates the
number of walks reaching size n (N,) to the number of
walks attempted (No) through

N, = N, exp(~{n) (14)

Inthesimulation, every segment of the walk that reaches
s steps is continued p times. By choosing s and p that
satisfy eq 14, umbiased samples of longer chains with a
fair variety of chain beginnings can be generated. We
have chosen three sets of s and p [(18, 2), (28, 3), and (39,
4)] to produce sizable numbers of chains up to 1000 steps
long. Double-linked lists were used in the program
implementation to increase search efficiency. The mean-
square radius of gyration and mean-square end-to-end
distance were calculated for the first few runs (of 1 million
trials each) to check the computer program. Prefactors
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Figure 5. Dependence of the overall Beer-Lambert absorption
coefficient on the molecular weight for the indicated values of
the radius of gyration.
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and exponents in the scaling relations of these quantities
agree excellently with literature values.2830

Probabilities of alignments as functions of the chain
length were calculated as averages over simulated con-
figurations. These were defined as

PN = (&N )_a,(N)) (16)

where p;(N) is the probability of i nodes (mers) being
aligned for a chain length N, a; is the number of alignments
of i nodes for a given configuration of the chain, and the
brackets denote averaging over simulated configurations.
Alignmentsin the three directions parallel to the Cartesian
axis were averaged to improve statistics.

Resuits for alignments up to 5 nodes as functions of
chain length are shown in Figures 7 and 8. The probability
of finding an unaligned node decreases rapidly to about
0.94 and appears not to change much with chain length,
at least up to the 1000 node chains simulated. Of the
alignments present, 2 nodes are the most probable (p; ~
0.05 for large N), with higher node alignments being much
less likely. The number of 6 and higher node alignments
were found to be negligible in a typical run of 1 million
trials. The single-node alignment probability appears to
turn around and increase for larger chain lengths with a
consequent decrease in higher node alignments. Clearly,
the overall segment density decreases as the chain length
becomeslarger. Whether this leads toa decrease in higher
node alignments is difficult to guess. Simulations of much
larger chains should clarify this point further. However,
precise calculation of alignment probabilities is compu-
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tationaly expensive for two reasons. First, a very large
number of configurations is possible for larger chains, and
a substantial sample of these is necessary to calculate
alignments precisely. In fact, 100 runs of a million trials
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the distance from the center of mass for several chain lengths.
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each were necessary to produce the statistical precision
reported in Figures 7 and 8 (the 95% confidence intervals
are shown with each run considered an independent
sample). Second, despite the enrichment procedure
adapted, only asmall fraction of the trials reach long chain
lengths. This of course depends on the choice of s and p,
but the alternative pivot algorithm may prove much more
efficient for simulating longer chains, especially if only a
few specific chain lengths are desired.®

Inthe previous section, an approximation to the segment
density projected onto the plane perpendicular to the
incident radiation was used as a related measure to develop
an interpretation model for the data. These densities are
easily obtained from simulation. In fact, they are unam-
biguously defined for off-lattice models of the polymer
chains, which is not the case with alignment probabilities.
Use of the segment density as a measure is also appealing
because much shorter runs are necessary to estimate them
precisely.

Simulated three-dimensional segment densities as func-
tions of the distance from the center of mass for chains
of length 100, 250, 500, and 750 are shown in Figure 9.
Distributions of segments as functions of the radial
distance were calculated first and then numerically
differentiated to obtain the densities. Thus, integrals of
these functions give the total number of nodes directly.
These functions are fitted well to an exponential of a
fourth-order polynomial for all chain lengths. (The fit is
worse at very small chain lengths, and, hence, the curves
in Figure 9 do not go through the origin.) They differ
from the Gaussian function assumed in the previous
section, which in fact is the distribution of end-to-end
distances for self-intersecting walks.3! Projected densities
are expected to have shapes similar to the three-dimen-
sional ones. Effects of solvent conditions, temperature,
and chain composition (i.e., models for copolymers) can
be incorporated into these lattice models quite easily by
introducing interaction potentials among chain segments.
These effects will change both the alignment probabilities
and the segment density distributions. Such calculations
are now underway.

It can be concluded from these simulations that segment
density distributions are better defined and easier to
estimate than alignment probabilities. Either are mea-
sures of the chain internal structure (conformation), and,
although establishment of a direct correspondence is
difficult, it is clear that interpretation models for spec-
troscopy data can be constructed using either measures
and lead to similar conclusions (i.e., eqs 4 and 11).

Absorption Spectra of Macromolecules 483

3000
2500 N L 612,000
~118,000
2000 F/l T 52,000
/ =~ 7,800
g 1500 /
£ / - 517
£ f
& 1000 i ;;, \
500
0
.508 H
20 240 260 280 300 320 340 360
Wavelength (nm)

Figure 10. Predicted effects of the molecular conformation on
the absorption spectra of low and intermediate molecular weight
polystyrene standards. The spectrum of a narrow molecular
weight distribution polymer (M, = 118 000) was used as a basis
for the calculations.
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Figure 11. Predicted effects of the molecular conformation on
the absorption spectra of high molecular weight polystyrene
standards. The spectrum of a narrow molecular weight distri
bution polymer (M, = 118 000) was used as a basis for the
calculations.

Comparison of Model Predictions with
Experimental Data

Deviations from the Beer-Lambert law observed for
the scattering-corrected absorption spectra of narrow
molecular weight distribution polystyrene standards are
evident in Figures 1 and 2. To establish if the molecular
conformation effects predicted by eqs 4 and 11 can explain
the experimental observations, changes in the ratio
M/ (R;)? have been superimposed on the experimentally
measured spectrum of a 118 000 molecular weight stan-
dard. Values for the ratio M/(R;)? were calculated by
first estimating the radius of gyration for the 118 000
standard from values reported for toluene as the solvent.?6
This was considered an adequate approximation because
the Mark-Houwink parameters for polystyrene in toluene
and in THF are reasonably close.?2” From the spectrum
of the 118 000 molecular weight standard and the calcu-
lated radius of gyration, an estimate of the absorption
coefficient per chromophore can be obtained from either
eq 4 or eq 11. The radius of gyration for each standard
was then calculated from the measured absorption coef-
ficients at 254 nm (TableI). The spectrashown in Figures
10 and 11 were calculated from the known molecular
weights, the calculated radius of gyration, and the esti-
mated absorption coefficient per chromophore. By com-
paring Figures 1 and 2 with Figures 10 and 11, it is evident
that the absorption behavior of macromolecules can be
accounted for through either eq 4 or eq 11. Furthermore,
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the calculated radii of gyration show a monotonic increase
as a function of the molecular weight (Figure 12), and
there is fair agreement between the calculated radii of
gyration and the values reported by the manufacturer.

Itisclear that changesin the ratio M/ (R;)? whichreflect
changes in the molecular density, can explain the observed
spectroscopy behavior. Furthermore, existing literature
data suggest that the mean-square radius of gyration is
proportional to N®/5 where N is the number of segments
(mers) in the chain,?2632 thus implying that the ratio
M/(Rg)? is a weak function of M (i.e., M-1/%). Therefore,
if this weak dependence is neglected and it is assumed
that M/(R;)? is constant, then to explain Figures 1 and
2, it is necessary to consider at least one additional term
in eq 4 (.e., nn). Figure 13 shows the number-average
number of alignments calculated under the assumption of
a constant M/ (R;)2. Notice that the values obtained are
in agreement with expected segment densities for mac-
romolecules.??

As can be appreciated from Figures 10-13, the results
suggest that the modified Beer~Lambert law (eqs 4 and
11) can be used in conjunction with Mie theory, to interpret
the UV-vis spectra of macromolecules in solution. How-
ever, to apply the complete interpretation model, it is
necessary to have reliable estimates of the absorption
coefficient per chromophoric unit. Such estimates can be
readily obtained through the analysis of a complete series
of narrow standards. Quantitative analysis of a series of
polystyrene standards and the details of the estimation
procedure will be reported separately.
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Summary and Conclusions

Effects of molecular conformation on the interpretation
of the scattering-corrected absorption spectra of macro-
molecules have been investigated by considering possible
alignments of chromophoric groups within the scattering
volume of the macromolecules. Two equivalent models
that relate measurable fundamental polymer properties
such as molecular weight, radius of gyration, and segment
density have been derived to quantify possible confor-
mation effects. These models are applicable within the
context of Mie scattering theory. Using Monte Carlo
simulations, the conformation of a simple model of a
polymer chain in a good solvent has been investigated and
it has been demonstrated that chromophore alignments
are likely to occur and that the number of chromophores
in the trajectory of the incident light varies as a function
of the molecular weight. Comparison of experimentally
measured spectra with the effects calculated through the
proposed extension of the Beer-Lambert law leads to the
conclusion that information on the conformation of
macromolecules is contained in the UV-vis spectra and
that this information may be quantitatively extracted.
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