PAPER

www.rsc.org/pccp | Physical Chemistry Chemical Physics

Solvatochromic shifts of single-walled carbon nanotubes in nonpolar

microenvironments

Carlos A. Silvera-Batista,” Randy K. Wang,” Philip Weinberg® and

Kirk J. Ziegler***

Received 22nd December 2009, Accepted 5th March 2010

First published as an Advance Article on the web 12th May 2010

DOI: 10.1039/b927053a

Single-walled carbon nanotubes (SWNTs) are encapsulated with microenvironments of nonpolar

solvent, providing a new method to measure the photophysical properties of nanotubes in environments with
known properties. Photoluminescence (PL) and absorbance spectra of SWNTs show solvatochromic shifts in 16
nonpolar solvents, which are proportional to the solvent induction polarization. The shifts in the emission energies
(AE,) range from approximately 25 to 100 meV and the smallest diameter SWNTs have the largest shifts. The PL
intensity of SWNTs is very sensitive to changes in polarity. For example, SWNTSs encapsulated with chloroform
(e~ 5) show substantial reductions in intensity. The solvatochromic shifts of SWNTs were used to determine the
relationship between the longitudinal polarizability, band gap and radius, o, oc 1 J(RE1 ).

Introduction

Single-walled carbon nanotubes (SWNTs) have characteristic
optical transition energies (E;) associated with their (n,m)
chirality. The E;; associated with each SWNT (n,m) type were
assigned by dispersing nanotubes with the aid of surfactants,'
enabling characterization through absorbance and photo-
luminescence (PL) spectroscopy.*> Typically, sodium dodecyl
sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), and
sodium cholate (SC) are used to suspend SWNTs, although
other surfactants are also used.'°

While these studies have facilitated the application and
understanding of SWNTs, the effect of the environment
surrounding the nanotubes on SWNT properties is still not
well understood.”!” The inability to suspend SWNTs in
known dielectric environments, such as organic solvents,
complicates these studies.'® Several studies have used nanotubes
suspended across trenches to study environmental effects on
SWNT PL emission;'*™"> however, mechanical strain and
charge transfer can effect the measurements.'>'? The limited
understanding of environmental effects on SWNT properties is
also partially due to the unknown or poorly characterized
surfactant structure,”®?! which makes it difficult to assess the
dielectric constant of the media surrounding SWNTs.

The polarizability of individual SWNTs is also important to
many applications as well as the photophysical and photo-
chemical response of SWNTs. The polarizability is highly
anisotropic with the longitudinal component () at least an
order of magnitude larger than the transverse component
(21 ). Therefore, the longitudinal polarizability is the dominant
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contribution and the dipole moment is oriented along the
nanotube axis. Several models have been developed to calculate
the longitudinal polarizability. These models suggest the
longitudinal polarizability is a function of the nanotube radius
(R) and band gap energy of SWNTs but disagree on the
relationship. Researchers have found theoretical relationships
where the longitudinal polarizability is proportional to either
RI(Ey), 1/Eg 1)(Ey)*, or RZ2%

While there are several theoretical studies on the polariz-
ability of SWNTs, there are few experimental studies.®*°
Measuring the photophysical properties of molecules, such
as solvatochromic shifts, can provide information about the
excited states of the molecules and even their polarizability.
Choi and Strano used solvatochromic shifts of SWNTs to
determine that longitudinal polarizability varies with 1/R(E;)>.°
However, these measurements were based on relatively
few systems, including surfactant-suspended SWNTs, whose
dielectric environments are still not well characterized.

The theoretical and experimental studies described above
show that the exact form of the longitudinal polarizability
remains unknown. Experimental measurement of solvatochromic
shifts in a variety of solvents remains a good approach to
study polarizability, provided that SWNTs can be suspended
in several solvents of known dielectric constant. However,
dispersing SWNTs in organic solvents remains a challenging
task.'® Recently, our group has observed that mixing a
suspension containing SDBS-coated SWNTs with immiscible
organic solvents induces solvatochromic shifts or dielectric
screening effects, which are dependent on the solvent.?” The
PL spectra of SDBS-SWNT suspensions mixed with o-dichloro-
benzene (ODCB) showed identical shifts to the PL from
SWNTs suspended in only ODCB (i.e. no surfactant or
water).'® The similarity in the peak positions indicates that
the hydrophobic core of the surfactant forms an emulsion-like
microenvironment of ODCB around the nanotube. Here, we
use these new microenvironments around SWNTSs to investigate
the photophysical properties of SWNTs in a variety of
solvents. While the presence of the organic solvent can modify
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the surfactant assembly around the SWNT surface®’ and
subsequently affect the PL emission,”® ° the present work
uses SDBS as the surfactant, which has minimal rearrangement
of the surfactant structure in the presence of organic solvents.?’
The solvatochromic shifts follow the expected behavior from a
polarizable solute in a polarizable solvent. The PL intensity is
shown to be very sensitive to polar solvents. Relationships
are developed to describe the solvatochromic shifts and PL
intensity of different (n,m) types in low dielectric media.

Experimental
Reagents

Deionized water was used in all experiments. The surfactant,
sodium dodecylbenzene sulfonate (SDBS), was obtained from
Sigma-Aldrich (St. Louis, MO, USA) and used as received
(Technical Grade). HiPco SWNTs were obtained from Rice
University (Rice HPR 145.1) and used as received. The
nonpolar solvents examined in this study were obtained from
Sigma-Aldrich (hexane (99%), heptane (99%), cyclohexane
(99%), carbon tetrachloride (99.9%), 1-chlorohexane (99%),
1,6-dichlorohexane (98%), 2-heptanol (98%), 3-heptanol
(99%), 1-chlorobutane (99.8%), 2,6-dichlorotoluene (99%),
3.4-dichlorotoluene (97%), o-dichlorobenzene (99%)), Fisher
Scientific (Pittsburgh, PA, USA) (chloroform (99.8%),
p-xylene (99.7%), toluene (99%)) and Fluka (benzene
(99.5%), 1,3-dichlorobenzene (99%)). All solvents were used
as received.

Aqueous SWNT suspensions

All experiments used SDBS since this surfactant did not show
any quenching effects upon mixing with organic solvents, as
observed for SDS-SWNT suspensions.?” Aqueous suspensions
of nanotubes were prepared by mixing 20 mg of raw SWNTs
with 200 mL of a SDBS solution (1 wt%). High-shear
homogenization (IKA T-25 Ultra-Turrax) for 1.5-2 h and
ultrasonication (Misonix S3000) for 10 min were used to aid
dispersion. After ultrasonication, the mixture was ultracentrifuged
at 20000 rpm for 5 h (Beckman Coulter Optima L-80 K).

Solvent microenvironments around SWNTs

Immiscible solvents were added to each SWNT suspension
(solvent : water volume ratio of 0.5) and mixed. The dielectric
constant, refractive index, dipole moment, and induction
polarization for each solvent is given in Table 1. The mixture
was shaken vigorously for 30 s with a vortex stirrer. A white
emulsion phase immediately started to coalesce after shaking.
After waiting for 1.5-2 h to reach steady state, the excess
organic solvent was then carefully removed from the aqueous
SWNT suspension without promoting further emulsification.

SWNT characterization

The aqueous phase was characterized by vis-NIR absorbance
and NIR-fluorescence spectroscopy using an Applied
NanoFluorescence Nanospectralyzer (Houston, TX) with
excitation from 662 and 784 nm diode lasers. Although the
organic solvents have some absorbance bands in the NIR
region (see electronic supplementary informationt), their
effect on the spectral properties were determined to be minor.
This conclusion is supported by the fact that no changes to the
absorbance spectra of SWNTSs are observed, which is consistent
with a very small volume of solvent in the system. Likewise,
absorption of SWNT photoluminescence (PL) by the solvent
was concluded to have minimal effects on the PL emission
intensity. All solvatochromic shifts are described relative to
their emission energy in air, i.e. AE;; = E V0 — E3Tr,

Deconvolution of PL spectra

SWNT PL spectra contains information on the E;; interband
transitions for each (n,m) SWNT type. All PL spectra were
deconvoluted into their respective bands for each (n,m) type
using the Applied Nanospectralyzer software (Houston, TX).
The deconvolution routine uses Voigt profiles for each (n,m)
peak. Changes to the position (E;;) and width of each
(n,m) peak were limited to 0.1% and 3%, respectively, for
each iteration to prevent the misidentification of peaks. After
several iterations, the mean standard deviation (MSD) between
the simulated and experimental data points was smaller than
0.005 (MSD < 0.005). Fig. S11 shows a typical spectra, which is
deconvoluted into the peaks corresponding to each (1,m)

Table 1 Properties of solvents used to form microenvironments around SWNTs

Solvents Relative dielectric constant” Refractive index” Dipole moment/D Induction polarization f (%)
Hexane 1.89 1.37 0.004 0.369
Heptane 1.92 1.39 0.00¢ 0.383
Cyclohexane 2.02 1.43 0.00 0.411
Carbon tetrachloride 2.23 1.46 0.004 0.430
p-Xylene 2.27 1.50 0.00¢ 0.455
Benzene 2.28 1.50 0.004 0.455
Toluene 2.39 1.50 0.38“ 0.455
2,6-Dichlorotoluene 3.36 1.55 0.83" 0.483
Chloroform 4.81 1.45 1.04¢ 0.424
1-Chlorohexane 6.10 1.42 1.94¢ 0.404
3-Heptanol 7.07 1.42 1.71¢ 0.404
1-Chlorobutane 7.28 1.40 2.054 0.390
1,6-Dichlorohexane 8.60 1.46 2.03¢ 0.430
3.4-Dichlorotoluene 9.39 1.55 3.00¢ 0.483
2-Heptanol 9.72 1.42 1.714 0.404
o-Dichlorobenzene 10.12 1.55 2.50¢ 0.433

“ Properties taken from CRC Handbook of Chemistry and Physics.”

% b Property taken from Calderbank ez al.** ¢ Property taken from Vaughan et al.*!
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type. The peak position of every (nm) type of SWNTs after
deconvolution is used in the nonlinear optimization model.

Results and discussion
Solvatochromic shifts of SWINT spectra in various solvents

Fig. 1a and b show the PL emission spectra of SWNTs excited
with a 662 and 784 nm laser, respectively, when mixed with a
variety of nonpolar solvents with different dielectric constants,
refractive indices, and polarities (see Table 1). All features of
the spectra show peak shifts as well as intensity changes with
each solvent. SWNT suspensions mixed with hexane show the
highest PL intensity and emission energy. In contrast, SWNT
suspensions mixed with ODCB have lower PL intensity and
red-shifted peak positions. Fig. 1c shows similar peak shifts in
the absorbance spectra of SWNTs in the same solvents.

To see the spectral changes more clearly, Fig. 2a and b show
the PL spectra corresponding to only the (7,6) and (10,5)
SWNT types when mixed with the nonpolar solvents. The
figures show changes in both the intensity and peak position as
the solvent is altered from hexane to ODCB. These different
environments show that, in general, the emission energy tends
to red-shift and the intensity decreases as the dielectric
constant (solvent polarity) is increased. However, there are
some deviations in the trends. For example, 2,6-dichlorotoluene
and 2-heptanol are red- and blue-shifted more than solvents
with similar dielectric constants, respectively. In addition, the
peak widths get broader in high polarity solvents, such as
3,4—dichlorotoluene and ODCB. The absorbance spectra for
both the E}; and E», transitions of the (7,6) SWNT are shown
in Fig. 2c and d and also show similar spectral shifts as the
solvent polarity is increased. However, the E; (0.85-1.4 eV)
transitions of the SWNTs are more sensitive to the solvent
environments (larger shifts) than the E>; (1.4-2.1 eV) transitions,
in agreement with prior observations.’

The peak shifts in the spectra of Fig. 1 and 2 indicate that
SWNTs are experiencing different environments when mixed
with nonpolar organic solvents. SWNTs have no net dipole
moment but are highly polarizable. Prior to photo-excitation,
the solvent induces a small reaction field on the SWNTs
(dielectric screening) and vice versa. The field changes the
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Fig. 2 PL spectra (E;; emission) for the (a) (7,6) and (b) (10,5)
SWNT species and (c) E;; and (d) E,, absorbance for the (7,6)
SWNT type measured in microenvironments of various nonpolar
solvents. The lines are the peak position for SWNTs in hexane
microenvironments.

solvation energy associated with stabilizing the ground state,
yielding characteristic absorption energies (solvatochromic
shifts) in different solvents. The excited state of SWNTs should
have a larger dipole moment after photon absorption,
generating a field that forces the solvent structure to rearrange
or relax around the excited state SWNT dipole. According to
the Franck—Condon principle, solvent reorientation is too slow
to be observed during absorption but can be observed in PL
emission. Each solvent responds differently to the excited state
dipole, resulting in solvatochromic shifts of the PL emission of
SWNTs that may differ from those observed in absorbance.
The observed spectral changes in Fig. 1 and 2 suggest the
measured solvatochromic shifts are due to the formation of a
solvent microenvironment encapsulating the SWNTs.?’

Fig. 3a shows a schematic of the microenvironments formed
around SWNTs based on these results as well as prior spectro-
scopic observations (summarized in Fig. 3b).*’ The initial
surfactant structure has the SDBS molecules on the sidewall
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)
S’

f

137 12 1A 1 0.9 2.2 1.8 1.4 1
Energy/eV Energy/eV

Fig. 1 PL emission spectra of SWNTSs excited at (a) 662 and (b) 784 nm and (c) absorbance spectra of SWNTSs in nonpolar microenvironments.
All spectra in a—c are offset for clarity and arranged by dielectric constant.
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Fig. 3 (a) Schematic of the nonpolar solvent microenvironments
formed around SWNTSs. The cut-out section shows the solvent layer
encases the nanotube, providing an approach to systematically alter
the environment surrounding SWNTs. (b) Comparison of PL emission
spectra (ex. = 662 nm) of SWNTs surrounded by (1) SDBS surfactant,
(2) ODCB microenvironments, and (3) pure ODCB. Dashed lines
show the emission energy for select (n,m) species. Note that the
positions for (2) and (3) are consistent confirming that the spectro-
scopic results for microenvironments around SWNTs are similar to
dispersions in pure solvent. The similarity in peak positions also
indicates that the surfactant has a minor effect.”’

of the SWNTs. However, after mixing with nonpolar solvents,
the hydrophobic region between the SWNT sidewall and
the surfactant swells, creating a small microenvironment of
solvent. It was shown previously that the surfactant structure
could be different in the presence of some organic solvents;
however, these changes occurred when SDS was used to
suspend the SWNTs and are easily observed by significant
quenching of the PL.>’ Solvents that yielded similar behavior
in the SDBS-SWNTs studied here, such as m-dichlorobenzene
and ethyl acetate, were excluded from further analysis.
Further, our prior work showed that PL emission energies
of SWNTs in an ODCB microenvironment were identical to
SWNTs in ODCB alone (see Fig. 3b). Therefore, the thickness
of the shell is assumed to be large enough that the effects from
the surfactant and water can be neglected. The fact that the PL
spectra return to their original peak positions and intensity
after the solvent is removed (not shown) suggests that
aggregation is minimal, as discussed previously.?’

Characterizing solvatochromic shifts of SWNTs in nonpolar
microenvironments

Researchers have related the environmental effects or solvato-
chromic shifts (AE;;) of SWNTs to the dielectric constant of

the environment.'"'*!* These shifts were found to be approxi-
mately linear with the dielectric constant in low dielectric
media, such as the solvents used in this study.'® Fig. 4a shows
the measured PL peak shifts from the data in Fig. 1 relative to
air for multiple (n,m) types as a function of dielectric constant.
Although the (9,7) nanotube has a reasonable linear fit to the
dielectric constant of the solvent, most other nanotubes,
especially small diameter nanotubes, show considerable
scatter, such as the (6,5) and (8,3). Indeed, Miyauchi ez al."?
found significant deviations from linearity for SWNT PL
measured in hexane (¢ = 1.89).

The solvents used for these experiments are all considered to
be nonpolar because of the relatively low dielectric constants.>’
Therefore, the solvatochromic shifts for each solvent are
primarily influenced by the polarizability—polarizability inter-

actions given by:**?

AEll = E?(llecnt - E'Ti]r = _CsolvcntAil;Aféolvcm-air (1)
Pra

where Cyoneny 1S a fluctuation parameter associated with
SWNT dispersion forces, Aw;; is the change in polarizability
of SWNTs between the ground and excited states, f§ is a shape
factor for the SWNT, 7 is a parameter associated with the
location of the SWNT dipole in the volume a°, and Af is the
solvent induction polarization described by the Onsager
polarity functions, f (7*) = 27> — 1)/Q2* + 1), where 7 is
the refractive index of the solvent.3** Fig. 4b shows the shifts
plotted as a function of /' (%). As expected from eqn (1), the
solvatochromic shifts in Fig. 4b tend to be linear for all
(n,m) types, yielding significantly better R* values than the
relationship with dielectric constant.

The solvatochromic shifts range from approximately
20 meV for SWNTs with the largest diameters to as high as
100 meV for small diameter nanotubes. A direct comparison
with the data from Ohno er al.'* for the larger diameter (9,7),
(10,5), (11,3), and (12,1) SWNT types in hexane and chloro-
form show excellent agreement to within a few meV. The
similarity in spectral shifts strongly support the formation of a
solvent microenvironment around the SWNTs, as shown in
Fig. 3. As seen in Fig. 4c, the average solvatochromic shift for
each (n,m) type in all solvents varies linearly with the inverse
diameter (1/d) of the nanotubes. No dependency of the
spectral shift with the (n—m) mod 3 value is observed. A least
squares fit of the data in Fig. 4c yields an expression for the
average shift as a function of nanotube diameter, AE}; (eV) =
0.076-0.119/d (nm). This simple expression excludes specific
solvent effects but provides an estimate of the anticipated
solvatochromic shift of SWNTs in low dielectric media.

While the peak positions are described better by the
induction polarization of the solvent, the PL emission intensity
is clearly a function of the dielectric constant of the solvent. As
seen in Fig. 5a, the PL intensity decays rapidly as the dielectric
constant increases. The trend is smooth and continuous until
e~ 5, where the data starts to scatter as the dielectric constant
continues to increase. However, it is still clear that the
intensity continues to decay as the dielectric is increased. Some
of these intensity differences could be due to concentration
differences between suspensions or removal of a small amount
of aggregates at the interface.>** Due to the large deviations
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Fig. 4 Solvatochromic shifts of various (n,m) SWNT types in non-
polar solvents as a function of (a) dielectric constant and (b) solvent
induction polarization, f (5%). Shifts observed for the (9,7) SWNT type
by Ohno et al.'* are also plotted for comparison. Note that there are
multiple data points that are indistinguishable in (b). (c) Generalized
solvatochromic shifts as a function of the inverse diameter of the
SWNTs (1/d). Note that the (11,1) and (9,4) SWNT types were
excluded from (c) because of difficulties associated with deconvoluting
them from the spectra.

associated with the intensity of 1-chlorohexane and 3-heptanol,
these were excluded from power law fits to the intensity.
The intensity of the SWNT PL emission was approximately
proportional to ¢~

The intensities of each (n,m) SWNT type were normalized to
the intensity measured in hexane. The data shows considerable
scatter but it is again clear that intensity decreases are dependent
on the SWNT diameter. For example, the PL emission
intensity of the (6,5), (9,5), and (10,5) SWNT types decrease
by approximately 35%, 40%, and 65% in higher dielectric
media, respectively. These results show that SWNT PL
emission is very sensitive to polar solvents. For example, a
large portion of the decrease in PL intensity for each (n,m)
SWNT type is observed in chloroform, which has e~ 5. The
sensitivity of SWNT PL emission to polar environments could
have significant implications in understanding the PL emission
intensity from aqueous suspensions, where minor amounts of
water in contact with the SWNT sidewall may significantly
affect PL intensity. Indeed, researchers have found that better

surfactant layers result in higher PL intensity.?’ 2536
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Fig. 5 The PL emission (a) intensity and (b) normalized intensity for
selected (n,m) SWNT types as a function of dielectric constant. The
intensities in (a) are offset for clarity. The dashed lines are power law
fits. The open circles in (a) indicate points excluded from the power
law fit and the data in (b). The intensities in (b) were normalized to the
intensity of the (n,m) type mixed with hexane.
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The Stokes shift is defined as the difference between peak
position in absorbance and PL emission spectra and is related
to the solvent reorganization that occurs during photon
absorption. All of the nonpolar microenvironments yielded
small Stokes shifts of approximately 1-5 meV (see supple-
mental informationt). These small Stokes shifts indicate that
both the ground and excited states of the SWNTSs are equally
stabilized in the nonpolar solvents. The similarity in solvation
could indicate that either the difference of the dipole moment
between the ground and excited states is small or that solvent
relaxation has not occurred prior to radiative recombination.
This latter effect might be expected for a dipole oriented along
the length of the nanotube, which would require the solvent to
move long distances in order to align with the excited state
dipole. No trends were observed for the Stokes shift but this
could be attributed to the small values and the error associated
with deconvoluting the spectra.

Nonlinear optimization model for approximating the
longitudinal polarizability

The E; transitions for each (n,m) SWNT type from either the
PL or absorbance spectra can be used to estimate the SWNT
polarizability or its functional form; however, the PL data is
used because the (n,m) peaks are better resolved. Previously,
Choi and Strano® concluded that the difference in SWNT
polarizability used in eqn (1) is primarily determined by the
longitudinal polarizability of the exciton (i.e. Aw;; = ayy)).
Several research groups have described the longitudinal
polarizability of each SWNT (n,m) type by a function of the
form, oy = kROE",, where k is a constant, ¢ and b are

Table 2 Criterion for assigning the weighting factors for both
intensity and amount of overlap with other peaks

Intensity Intensity
Weighting Area (662 nm (784 nm
factor overlap excitation) excitation)
1 <50% >0.4 >0.08
0.5 Between 50 Between 0.2 Between 0.04
and 100% and 0.4 and 0.08
0.25 100% <0.2 <0.04

integers, R is the SWNT radius, and Ej; is the band gap as
measured in air.?>> As described above, there is no consensus
on the relationship (i.e. constants a and b) for the polariz-
ability. If the volume associated with the excited state is
assumed to be a sphere with a radius equivalent to the SWNT
radius, then eqn (1) becomes:

AEy = %kmﬁ;ﬁ Af = —Dsoren R PENLAS (2)
The constants Cyopyent, K, f, and y are combined into one
constant Dgpyene for simplicity. Since eqn (2) is valid for all
solvents, the measured solvatochromic shifts in Fig. 1 can then
be compared to this equation to determine the global
variables, ¢ and b, and the solvent specific variables, Dgqjyent-
All PL spectra in Fig. 1 were deconvoluted into their
respective (n,m) peaks. The Ej; transitions for each (n,m)
SWNT type in air were subtracted from the E;, recorded
from each spectrum in each solvent to give the solvatochromic
shift (AE;;). The optical transitions in air were based on the
equation developed by Choi and Strano.’ As shown in Fig.
S1,7 there can be considerable overlap in the deconvoluted PL
spectra for each (n,m) SWNT type. For example, the (7,6)
SWNT type shown in Fig. Slat has good intensity and little
overlap with other (n,m,) SWNT types. On the other hand, the
(12,2) SWNT type in Fig. S1bf shows considerable overlap
with other (n,m) types and low intensity. Therefore, the
confidence level of each peak in the deconvoluted spectra
was evaluated to assess its relative importance in regression
analysis. To account for the varying confidence levels in each
deconvoluted peak, weighting factors were assigned based on
the relative intensity (Winensiy) and amount of overlap
(Woverlap) in each solvent. This technique is often used in
nonlinear optimization to account for the relative importance
of data.®”® As shown in Table 2, both the intensity and
overlap were broken up into three categories and assigned
values of 1, 0.5, or 0.25. Fig. S1{ shows some examples of
those peaks associated with each category. These two weighting
factors were multiplied together to get the weighting factors
listed in Table 3 for all SWNT types in all solvents. The
general trend shown in the table is that the (7,6) and (7,5)

Table 3 Combined weighting factors (W = Wingensity'Woverlap) assigned for each (n,m) type as a function of solvent

Solvent 6,5 8,3 (7,5 (7,60 (10,2) (94 (11,1)  (8,6) (9,5 (12,1)  (1L3) (12,2) (10,5 (9,7
Hexane 0.5 0.5 1 1 0.5 0.25 0.25 025 0.5 0.25 1 0.25 1 1
Heptane 0.5 1 1 1 0.5 0.25 0.25 025 0.5 0.5 1 0.25 1 1
Cyclohexane 0.5 1 1 1 0.5 0.25 0.25 025 0.5 0.5 1 0.25 1 1
Carbon tetrachloride 0.5 0.5 1 1 0.5 0.25 0.25 0.25 0.5 0.25 1 0.25 1 1
p-Xylene 0.5 0.5 1 1 0.5 0.0625 0.25 025 0.5 0.125 1 0.25 1 0.5
Benzene 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.5 0.125 1 0.25 1 1
Toluene 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.5 0.125 1 0.25 1 0.5
2,6-Dichlorotoluene 0.5 0.5 0.5 1 0.5 0.125 0.0625 0.5 0.0625 0.0625 1 0.25 0.25 0.5
Chloroform 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.125 0.5 0.25 0.25 1
1-Chlorohexane 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.125 1 0.25 0.5 1
3-Heptanol 0.5 0.5 1 1 0.5 0.25 0.25 025 0.5 0.25 1 0.25 1 1
1-Chlorobutane 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.125 1 0.25 0.5 1
1,6-Dichlorohexane 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.0625 0.5 0.25 0.25 1
3.4-Dichlorotoluene 0.5 0.5 1 1 0.5 0.0625 0.25 0.5 0.25 0.0625 0.25 0.125 - 0.0625
2-Heptanol 0.5 0.5 1 1 0.5 0.25 0.25 025 0.5 0.25 1 0.25 1 1
o-Dichlorobenzene 0.5 0.5 1 1 0.5 0.125 0.25 0.5 0.125 0.0625 0.25 0.125 0.25 -
Average 050 056 097 1.00 0.50 0.16 0.24 0.39 0.34 0.19 0.84 0.23 0.73 0.84
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spectra have the highest confidence while the (9,4) and (12,1)
have the lowest in each solvent.

A constrained nonlinear optimization model was then for-
mulated using the generalized reduced gradient (GRG) method.”’
An objective function (¢) was chosen to be the squared sum of
residuals multiplied by the weighting factors (w;) where AEq;
are the measured shifts relative to air or the calculated values
from eqn (1). These residuals were summed over all (n,m) types
and solvents to obtain the final objective function:

all solvents all n,m

; _ 2 : nm nm
min ¢ - E : M'InlensilyWOverlap
3)

2
X (AETiTneasured - AE?ﬁalculated)
The objective function (3) was solved with all optimization
variables constrained to values between —10 and 10 to
aid optimization. The global parameters ¢ and b had the
additional constraints of being integers. Central differences
were used to calculate the partial derivatives of the objective
function. The search direction was determined at each iteration
by using the conjugate method. The objective function was
considered to converge once the relative change between
iterations was less than 1077, A minimum of four different
initial starting points for the parameters were used to obtain
the global minimum rather than local minima.

In addition to the solution using data from all solvents,
solutions using data from individual solvents were found
independently to obtain the parameters a, b, and Dsgpyent-
Table 4 shows the results from all optimization calculations.
Some optimization models had minima that were weak
functions of the parameters ¢ and b. In other words, the
values of @ and b could be changed by +1 without affecting
the value of the objective function. For example, the optimization
of only heptane gave solutions of ¢ = -2, b = —3 and
a = =3, b = —4. However, one of these solutions coincided
with the global optimization solution. Therefore, this data set
was listed in Table 4. Nearly all optimization solutions yielded
solutions of @ = —2 and » = —3. As seen in Table 4, a global
solution with all weighting factors set equal to 1 gave a
different solution. However, as described above, this solution
is discarded because of the difference in data quality for each
(n,m) SWNT type. This analysis suggests that the longitudinal
polarizability of the exciton should have the form, oy, =
kR2E7;. Inserting this relation into eqn (2) yields an expres-
sion for the solvatochromic shift:

AEll = 7Dsolvean_5El_l3Af0r
AEllE?l = _DsolventAf/R5 (4)

Fig. 6a shows the fit to eqn (4) for the solvatochromic shift of
SWNTs when surrounded by chloroform microenvironments.
The linear fit yields R* = 0.98, indicating that the parameters
for the polarizability expression show excellent agreement with
the experimental data. As shown in Fig. 6b, the largest
residuals are for the (11,1), (9,4), and (7,6) SWNT types;
however, two of these nanotubes, the (11,1) and (9,4), have
the same diameters, so a large error is associated with the
deconvoluted peak positions, as indicated in Table 3.

Table 4 Optimization results for all fitted parameters when solved as individual systems and collectively

All

o-Dichloro- solvents

-1y

2-Heptanol benzene (w;

toluene

1-Chloro- 1,6-Dichloro- 3.,4-Dichloro-
hexane®

3-Heptanol butane

hexane

2,6-Dichloro- Chloro- 1-Chloro-
form

Carbon
solvents Hexane Heptane” Cyclohexane® tetrachloride p-Xylene® Benzene Toluene toluene
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Fig. 6 Solvatochromic shifts of SWNTs in chloroform microenviron-
ments relative to air. (a) The polarizability parameters a and b
determined from the nonlinear optimization yield a linear expression
with (b) low residuals.

These results deviate from prior reports, which obtained
values of « ranging from 2 to —1 and b from 0 to —2.2272°
However, note that those solutions that deviate from the other
results tend to be the most polar solvents. The changes in
intensity and peak position for these systems induce more
error in peak assignment. On the other hand, some of these
systems give a and b constants comparable to those obtained
before.”*

Conclusion

Multiple solvents form microenvironments around SWNTs,
inducing solvatochromic shifts that range from approximately
25 to 100 meV. The shifts scale well with the solvent induction
polarization, f (17%), as expected for interactions of a polarizable
SWNT with a polarizable solvent. The solvent micro-
environments show the sensitivity of SWNT PL to slight
changes in their environment. A change of the dielectric
constant (¢) from 2 to 5 could result in a drop in PL intensity
of more than 50%, which could have significant implications
on the measured intensity of poorly coated SWNTs in aqueous
environments. Changes to the environment have the most
significant effect on the peak position of the smallest diameter
SWNTs and the intensity of the largest diameter SWNTs. A
constrained nonlinear optimization model was used to study
the polarizability changes with each solvent microenvironment.
The results yield a longitudinal polarizability of the form
gy oo H(RPE).
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