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Temperature-Dependent Refractive Index
Determination from Critical Angle Measurements:
Implications for Quantitative SPR Sensing
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Temperature-dependent measurements of surface cover-
age and interfacial kinetics remain relatively unexploited
in thin-film sensing applications that rely on optical
surface-sensitive techniques such as surface plasmon
resonance spectroscopy (SPR). These techniques are
inherently sensitive to the optical properties of the bulk
solution in contact with the thin film; therefore, quantita-
tive thin-film sensing requires accurate refractive index
data for bulk solutions at the conditions of interest. The
refractive index for bulk solutions depends strongly on
temperature, solution composition, and optical excitation
wavelength. In this paper, we demonstrate the use of
critical angle measurements for accurate, independent
determination of the refractive index of bulk solutions and
present results for different experimental conditions of
solution temperature, solution concentration, and excita-
tion wavelength. We also examine the implications of
incorrect accounting of the bulk solution for the case of
two-color SPR sensing of ultrathin organic films. This
sensing technique, which depends inherently on the
contrast in the dispersion of the refractive index of the
film and the bulk solution, can be over 1 order of
magnitude more sensitive than single-color SPR measure-
ments. Critical angle measurements can be implemented
in conjunction with SPR measurements and will be
invaluable for thin film sensing application in which the
bulk refractive index varies during the experiment, for
example, in temperature-dependent SPR measurements,
or for applications in which the solution refractive index
is not known.

Measurements of the refractive index of bulk liquid solutions
are important in many industrial and research applications
including industrial process monitoring and chemical separation
detectors. In recent years, accurate refractive index measurements
have become increasingly important in chemical sensor! and
biosensor? applications particularly in optical sensors based on
evanescent wave techniques such as surface plasmon resonance
(SPR) spectroscopy. These techniques, which can detect very low

levels of chemical and biological materials in real time without
requiring analyte labeling, are sensitive to refractive index changes
at the solid/solution interface in the environment immediately
adjacent to the sensor surface. Characterization of the mass or
thickness of ultrathin organic films via SPR sensing®* is a versatile
analytical approach, which is finding broad applications in bio-
medical, biomaterial, environmental, and agricultural research.

Although the SPR sensor response is extremely sensitive to
selective molecular events at the sensor surface, any change in
the refractive index of the medium within the evanescent field
will affect the measurement. Variations in the refractive index
arising from changes in bulk solution concentration or tempera-
ture may dominate the response if not accounted for properly.?
These phenomena are sometimes referred to as “bulk effect”
baseline shift or baseline drift and can result in large changes in
the SPR signal that are not related to thickness changes of the
adsorbed thin film. In some cases, it may be difficult to distinguish
the sensor response due to selective surface binding from the
response arising from bulk solution effects.

In the first part of this paper, we present an experimental
approach for measuring the refractive index of bulk solutions. The
method is based on analysis of the critical angle region of the
angular reflectance spectrum and can be implemented simulta-
neously with SPR reflectance measurements. We demonstrate the
feasibility of this approach for accurate measurement of the
temperature dependence of bulk solution refractive indexes and
compare our data with published literature values. For commonly
used liquids, the temperature dependence of the refractive index
is sufficiently strong (10-4—10-%/°C) that temperature fluctuations
can be a major source of error in SPR measurements.® A
convenient way to minimize these errors is to record the
temperature and account for the temperature fluctuations; how-
ever, the temperature dependence of the refractive index for the
bulk solution must be known accurately. This information is also
crucial for some of the most powerful emerging applications of
SPR in which thermodynamic data can be extracted from tem-
perature-dependent surface coverage measurements.® Accurate
SPR measurements of the temperature dependence of equilibrium
binding constants and reaction rate constants for chemical
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reactions at solid/liquid interfaces will have a potentially large
impact on biosensor-based research in biochemistry and molecular
biology as well as in other applications of surface analytical
chemistry.

In the second part of this paper, we consider how an error in
the assumed value in the bulk solution refractive index contributes
to the overall uncertainty in SPR sensing of thin-film thickness.
Our error analysis is concerned with two-color SPR,% a technique
that is intrinsically sensitive to the relative dispersion of the
adsorbed film and bulk solution. This method, developed in our
laboratory for quantitative measurements of surface coverage of
thin films at gold and other metal surfaces, can be more than 1
order of magnitude more sensitive than single-color methods.”#

EXPERIMENTAL SECTION

All refractive index data were obtained from analysis of critical
angle reflectance data. Reflectance in the critical angle region was
measured with an instrument designed for SPR measurements
which incorporates a 6/26 goniometer with 0.001° rotational
precision and has been described previously.® Critical angle
reflectance measurements were made as a function of angle of
incidence at 0.01° intervals for 543.5- and 632.8-nm excitation. The
TM (p-polarized) outputs of two He—Ne lasers directed along the
same optical path were focused slightly to compensate for
divergence. For all the data presented, solutions were held in an
all-Teflon solution cell in contact with a hemispherical prism
(BK7). Higher refractive index prisms are used for critical angle
measurements made in conjunction with SPR reflectance.

The temperature in the solution cell was maintained by
continuously circulating the solution through a programmable
water bath in which the temperature is controlled to 0.01 °C. A
peristaltic pump circulates the solution through the cell at a rate
of ~20 mL/min. The temperature in the solution cell (measured
by a Teflon-coated thermocouple) is stable to 0.05 °C over the
course of a full critical angle scan. This variation in temperature
corresponds to an uncertainty of ~5 x 10~ in the refractive index
of water at room temperature. Several critical angle scans were
collected at each temperature. All solutions used Nanopure water
(Barnstead E-pure, 18 MW) and high-purity salts, NaCl (Fisher),
NaClQ, (Fisher), and KH,PO, (Aldrich).

RESULTS AND DISCUSSION

Temperature-Dependent Critical Angle Measurements.
Highly accurate temperature-dependent refractive index data for
liquid solutions are compiled in reference tables for many for pure
liquids and many solutions.? If data are available for the specific
solution of interest, the temperature dependence or concentration
dependence of the refractive index can be estimated by interpola-
tion from empirical fits to the available data. However, it is difficult
to estimate the refractive index for a different material, concentra-
tion, or temperature by extrapolation or by using generalized
models.® For example, for many liquids, values of the refractive
index predicted by the general Lorentz—Lorenz formula are
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Figure 1. Reflectance near the critical angle for 1.0 M KH,PO, at
543.5 nm. Shown are the reflectance data (open circles) as a function
of angle of the incidence and best fit to the data using a two-layer
Fresnel reflectance model (solid line); see text for details. The angle
of incidence is calibrated relative to a reference critical angle for water.
The critical angle, Ociticar = 62.650°, is shown by the vertical arrow.

accurate to only a few percent.!! Accurate theoretical predictions
are difficult because the density of a liquid solution is not a simple
function of temperature and concentration; attempts to use
theoretical physical models to modify the Lorentz—Lorenz formula
for liquids'? have had limited validity. Therefore, experimental
measurements are needed in many cases.'?

Figure 1 shows a representative critical angle scan as a function
of angle of incidence and the fit to the data. The data, obtained
for a solution of 1.0 M KH,PQ4, show the expected sharp change
in optical reflectance near the critical angle. All critical angle
reflectance scans were analyzed by fitting the data to a Fresnel
model (solid line in Figure 1). The theoretical model used to fit
the data is convoluted with the experimental instrument function
to account for the finite width of the laser beam profile. For all
solutions and temperatures studied, the data are fit well by this
model; fit residuals are typically on the order of 0.001. The
resulting error in the bulk solution refractive index determined
from fitting an individual critical angle scan (200 angular measure-
ments) is less that one part in the sixth decimal place. All refractive
index data were measured relative to the reference values for 20
°C water®* of n, (632.8 nm) = 1.331 745 and n, (543.5 nm) =
1.334 61. Before each measurement, the angle of incidence of the
instrument was calibrated by measuring critical angle scans for
water at both 632.8- and 543.5-nm excitation.

The temperature dependence of the bulk solution refractive
index, ns(T), was measured at a range of concentrations for various
aqueous salt solutions (see Table 1) and for a number of
nonaqueous solutions (not shown). Water was used as a standard,
the data are in excellent agreement with the literature.!* Typical
data showing the temperature dependence of the refractive index
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Table 1. Temperature Dependence of the Solution
Refractive Index ns Relative to ny?

632.8 nm 543.5 nm
solution M —A(x107%) —B(x1077) —A(x107% —B(x1077)
H,O 8.5 10.0 8.8 14.3
NaClO, 1.0 13.6 8.0 13.9 10.0

0.5 12.2 10.0 12.0 13.0
0.1 9.4 10.0 10.0 12.0
NaCl 1.0 10.1 8.0 10.7 9.0
0.5 9.6 11.0 10.2 11.0
0.1 9.0 12.0 9.0 15.0
KH,PO, 1.0 10.6 8.0 10.6 12.0
0.5 9.8 7.0 9.8 10.0
0.1 8.7 10.0 8.6 11.0

a A and B are parameters in the equation, ns — n, = A(t — 20) +
B(t — 20)? for 13 °C <t < 31 °C. The tabulated values represent the
best fit to the experimentally measured relative refractive index data
as a function of temperature for the solution composition and
concentration indicated. All refractive index data are obtained from
analysis of critical angle data at the wavelengths indicated. All
measurements relative to water at 20 °C, n,, see text.
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Figure 2. Temperature dependence of the refractive index for 0.1
M NaCl. The data, obtained from critical angle measurements, are
plotted relative to the refractive index of water, no, at 20 °C. The dotted
line shows the comparison with literature data from ref 10 plotted on
the same relative scale. The temperature dependence of the refractive
index is fit to a second-order polynomial (not shown). Fitting
parameters (coefficients to the second-order polynomial) are tabulated
in Table 1 for several concentrations and electrolytes.

for an aqueous solution are given in Figure 2. The data, shown
here for 0.1 M NaCl at 632.8 nm, are plotted relative to the
refractive index of water at 20 °C. The temperature dependence
can be fit to a second-order polynomial; see Table 1 for fitting
parameters. Our results are in very good agreement with the
literature.1% All solutions showed the expected behavior: (1) the
refractive indexes decrease with increasing temperature; (2) the
falloff becomes progressively stronger as the temperature rises
although the detailed behavior (slope and curvature) depends
strongly on solution concentration and composition.
Implications for SPR Sensing. In this section, we consider
how an error in the solution dielectric constant contributes to the
error in the thickness of an ultrathin organic film determined by
two-color SPR sensing. In our analysis, we consider the intrinsic

4394  Analytical Chemistry, Vol. 71, No. 19, October 1, 1999

error incurred by incorrect assumptions in the data analysis rather
than the error associated with measurement noise. Typically, SPR
data analysis is based on a modified Fresnel reflectivity model
for N layers; here four layers are considered (prism/metal/thin
film/solvent). Not surprisingly, the overall uncertainty in SPR
sensing of thin dielectric films is highest for the thinnest films
and is reduced considerably if the optical parameters for all other
layers, including those for the substrate and solution, are known.
The prism refractive index is well characterized; the optical
constants of the metal layer can be determined from detailed fitting
analysis and control experiments.’s If the solvent index is known,
the only remaining unknowns are the parameters of interest: the
thickness and dielectric constant of the thin film. For transparent
films, the dielectric constant is equal to the square of the refractive
index (e&f = ng).

As we will see, independent accurate knowledge of the solution
refractive index from critical angle measurements can significantly
reduce the uncertainty in accurate quantitative SPR sensing of
ultrathin organic films. We focus on systems involving these
ultrathin dielectric films (<10 nm thickness) because of the
importance of quantitative measurements in this regime, for
example, for monitoring the Kinetics of the initial stages of
adsorption and film formation.® However, the same effects should
be important in many other surface plasmon methods and their
application even for much thicker films. For experiments involving
low ligand density or for small-molecule interactions, the measured
changes in the SPR response are equivalent to the determination
of the effective thickness of an ultrathin dielectric film layer in
the presence of buffer solution. Therefore, the approaches for
guantitative measurements outlined here can be applied more
generally to extract accurate surface coverage for surface/ligand
or receptor/ligand interactions from equilibrium SPR data or SPR
kinetics studies.'

There are several approaches for extracting information about
thin dielectric films from SPR data. The most common approach
involves extracting the values for the two unknown thin film
parameters, the film thickness (ds) and the film dielectric constant
(&5), from analysis of angle of incidence modulated data obtained
at a particular excitation wavelength (single-color SPR). For thin
films, any number of different combinations of d; and ¢ may be
found to fit the reflectance data. Consequently, thin-film thick-
nesses determined from a single measurement have high uncer-
tainty.®” Most researchers resort to assuming a fixed value for
the film dielectric constant on the basis of the known chemical
properties of the film. The best-fit value for the thickness of the
thin film can be determined from fitting analysis of the measured
reflectance data to a multilayer optical reflectance model in which
all other optical parameters are held fixed at assumed values. If
these assumptions are valid, relative film thickness information
can be obtained from the analysis of single wavelength data. This
is similar to the assumption that, within a family of similar
compounds, that the relative change in the minimum reflectance
is proportional to the mass of adsorbed material.

We38 and others® have shown that alternative approaches can
provide independent determination of both unknown thin-film
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Figure 3. lllustration of the two-color SPR approach for determining
thickness and dielectric constants for a thin film. Shown are the trial
film thickness versus trial dielectric constant that equally well describes
the SPR reflectance data sets for two excitation wavelengths, 1, (solid
curve) and 1, (dashed curve). Accounting for the dispersion of the
thin-film layer results in a shifted trial curve for 1, (dashed curve).
The intersection point indicates the true thickness and dielectric
constant (at 41).

parameters, ds and e;. These methods require analysis of additional
data obtained under a different condition, such as data obtained
at second excitation wavelength. In the two-color SPR approach,®
independent estimates of the values of the film thickness and
dielectric constant are obtained from the intersection point of the
two trial curves (di, €)1 and (ds, €52, Ssee Figure 3. For each
excitation wavelength, the trial curve represents all combinations
of dr and ¢, that fit the reflectance data obtained at that wavelength.
For example, a combination in which d; is large and ¢ is small
can fit the reflectance data equally well as another in which d; is
small and ¢ is large. The intersection of the two trial curves
(corrected for the dispersion of the film®) represents the unique
pair of parameters (d';, €'r) that are consistent with the experi-
mental reflectance data at both wavelengths. Single-wavelength
analysis will not be considered in detail here. The overall
uncertainty in determining d't for thin films (without prior
independent knowledge of €'y) is large under typical experimental
conditions® and overshadows the error due to incorrect accounting
of the solution refractive index.

To address the inherent error associated with incorrect
accounting of the bulk solution in data analysis, our error analysis
calculations use simulated (noise-free) SPR data. Parameters are
typical® for a four-layer system consisting of an aliphatic organic
monolayer film on gold in contact with an organic solvent, water,
or aqueous electrolyte solution. For the data presented in Table
2, the model is for an aliphatic film (hominal thickness diy = 4.0
nm) adsorbed on gold in contact with an organic solvent (ethanol).
A four-layer modified Fresnel optical model was used to account
for the prism, metal, film, and solution layers. At 632.8-nm
excitation, the dielectric constants used in the model were
2.969 03, —11.5941 + i2.4259, 2.1000, and 1.846 31, respectively.
At 543.5-nm excitation, the dielectric constants used in the model
were 3.009 28, —6 + i2.4259, 2.1080, and 1.854 01, respectively.
Calculations were performed for different values of the thin-film

Table 2. Fractional Error, (d's — df)/ ds, in Film
Thickness, d't, Calculated from Two-Color SPR
Analysis When the Solution Dielectric Constant Is
Underestimated by Aes?
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a8 The fractional error, (d's+ — df)/d;, in the calculated thin film
thickness, d'r, due to assuming an incorrect value of s for the solution
layer. The fractional error is determined by comparing the nominal
film thickness, df, with the result calculated from the crossing point
(d's, €'5) of two trial curves. The trial curves are obtained from two-
color analysis of simulated SPR reflectance curves at 632.8- and 543.5-
nm excitation using an optical model that assumes the nominal
parameters for the thin film (d; = 4.0 nm; & = 2.1 (at 632.8 nm)) but
assumes an incorrect, fixed value for e = 5 + Aes for the solution
layer (nominal value of e = 1.84631). The lowest fractional error, along
the shaded diagonal, corresponds to the case where the dispersion
relation for the solution dielectric constant (e5(632.8 nm) — €5(543.5
nm)) is maintained constant at nominal value of 0.008 during the
analysis.

thickness less than 10 nm as well as for various different solutions.
The metal film thickness was 45.9 nm for all calculations.

In all cases studied, incorrect accounting of the bulk solution
results in a trial curve of significantly different shape. For example,
if €5 is underestimated in the SPR data analysis, the trial curve
shifts to higher values of di to compensate. Since the thickness
and dielectric constant are coupled, d¢ will compensate more for
smaller values of ¢, creating a new trial curve of altered shape.
Since d's and €'s are obtained from the intersection point of two
trial curves, correct error analysis must consider error contribu-
tions from both trial curves. These contributions are generally
not the same; for a given Aes, the trial curve for 1 = 632.8 nm
shows a larger shift than the trial curve for A = 543.5 nm. This is
related to the fact that es increases monotonically with decreasing
wavelength.

Tabulated in Table 2 is the fractional error for determining
the correct value of the film thickness, d's, for a given uncertainty
(Aes) in the assumed value of es. The fractional error is determined
by comparing the nominal film thickness, d;n = 4.0 nm, with the
thickness calculated from the crossing point (d'y, €'s) of trial curves
obtained from two-color analysis of simulated SPR reflectance
curves. The trial curves at 632.8- and 543.5-nm excitation are
generated using an optical model that assumes an incorrect fixed
value for e; = esn — Aes for the solution layer (nominal value of
€sn (632.8 nm) = 1.846 31). The lowest fractional error, along the
shaded diagonal in Table 2, corresponds to the case where the
dispersion relation for the solution dielectric constant (es(632.8
nm) — &(543.5 nm)) is maintained constant at 0.008 in the
analysis. For a particular film thickness, the fractional error in d's
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increases linearly as the error in Aes increases. Not surprisingly,
the contribution of error A to the intrinsic error in d's is much
larger for the thinnest films; for a given A, the fractional error
in the resulting determination of d's increases logarithmically with
decreasing film thickness (not shown).

Chinowsky and co-workers have recently revisited the issue
of quantifying the uncertainty in film parameter determination
from SPR reflectivity data.® In trying to quantify the relative
uncertainty in SPR sensing, Chinowsky and co-workers have
considered only the fundamental limitation imposed by measure-
ment noise and do not take into account additional errors, such
as those incurred by assumptions in the data analysis. Even so,
their results suggest that certain assumptions in data analysis are
likely to be important. They found that, for two-color analysis of
equally noisy data, higher contrast between the dispersion of the
thin film and the buffer appears to correlate with lower overall
uncertainty in determining d's independent of €'t They also
confirmed that, for thin films of <10 nm, d; can be estimated
independently of ¢ from single-wavelength analysis but only with
large uncertainty:” the uncertainty in single-color thin film sensing
can be over 1 order of magnitude greater than that obtained by a
two-color approach.

These observation are in general agreement with our results.
In our analysis, we considered films of varying thickness (2.0,
4.0, and 8.0 nm) in a variety of aqueous and nonaqueous solvents.
Some general trends were observed for all cases. First, when the
nominal dispersion relation for the solvent was maintained, the
uncertainty in d's was found to vary linearly with Aes for small
values of Aes (<0.0001). Larger values of Aes were not considered
in our analysis because it is difficult to find a reasonable
intersection point for the trial curves. Second, the error in
determining d's was smallest if the dispersion relation for the
solution was correct (along the diagonal in Table 2) and increased
slowly with Ae. If the dispersion relation was not maintained, the
overall uncertainty in d's increased very steeply with increasing
Ae; (off-diagonal entries in Table 2). Third, the sensitivity of the
two-color method depended in a complex way on the relative
dispersion of the film and buffer, the ratio of slopes, and shape of
the (d'y, €'s) curves near the crossing point.® Therefore, quantitative
calculations to determine the sensitivity of the technique or the
contribution of errors are valid only for the specific film conditions
modeled. For example, choice of solution can be very important.
For the errors given in Table 2, the solvent was ethanol. When
the calculations are repeated for the same film in contact with
water or dilute aqueous electrolyte solution, the error contributions
to d's drop by a factor of 3. Finally, in a related aspect, the contrast

4396 Analytical Chemistry, Vol. 71, No. 19, October 1, 1999

between the dispersion in the refractive index of the thin film and
the dispersion in the refractive index of the solvent is important.
For the results in Table 2, the solvent dispersion is equal to the
dispersion in the film representing the worst-case scenario.

Regardless of these details of how errors in d's and €'r depend
on the optical constants of the particular interface of interest, it is
always true that any uncertainty in the refractive index of the bulk
solution leads to a higher overall error. As we have shown, the
resulting error can be larger that the error associated with
measurement noise in some cases. Critical angle measurements
provide important supporting information regarding the refractive
index of the bulk solution which can be used in SPR data analysis
to improve the accuracy of SPR sensing.

CONCLUSIONS

In this paper, we demonstrate the use of critical angle
measurements for accurate determination of the refractive index
of bulk solutions and present results for different experimental
conditions of temperature, solution concentration, and excitation
wavelength. These measurements, which can be performed in
conjunction with SPR, are invaluable for quantitative thin-film
sensing applications where the bulk refractive index varies during
the experiment, as in temperature-dependent measurements, and
for other applications in which it may not be possible to estimate
the solution dielectric constant with sufficient accuracy. The ability
to make reliable critical angle measurements has important
implications for sensing of ultrathin films by two-color SPR, a
quantitative surface analytical technique that can be over 1 order
of magnitude more sensitive than single-color SPR. When the bulk
solution is correctly accounted for in two-color SPR data analysis,
accurate quantitative thin-film sensing can be achieved. While we
have concentrated on demonstrating these methodologies and
presenting error analysis results for extremely thin films of <10
nm, the same effects should be important in many surface plasmon
methods and their applications.
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