JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 10, 42-48 (1997)

TOWARDS A HOMOLOGOUS STRUCTURAL SERIES OF
SOLVATOCHROMIC 7* INDICATORS

R. HELBURN,* N. ULLAH, G. MANSOUR AND J. MAXKA
Department of Chemistry, Northern Arizona University, Box 5698, Flagstaff, Arizona 86011-5698, U.S.A.

Two new z* indicators of solvent dipolarity and polarizability were synthesized and characterized with respect
to their solvatochromic and acid-base properties. The new dyes, N,N-dipropyl-p-nitroaniline and N,N-dibutyl-
p-nitroaniline, are part of a homologous structural series of indicators with increasing lipophilic character,
ranging from N,N-dimethyl-p-nitroaniline to N,N-dibutyl-p-nitroaniline. The new indicators are designed as
specific polarity probes for the characterization of aqueous—organic interfacial systems. Visible absorption
spectra for N,N-dipropyl-p-nitroaniline and N,N-dibutyl-p-nitroaniline show solvent-dependent bandshapes in
a manner similar to that of the previously characterized diethyl species. Values of —s decrease slightly from
N,N-diethyl-p-nitroaniline to N,N-dipropyl-p-nitroaniline, leveling off with increasing alkyl chain length. The
trend in pKgy- for the p-nitroanilinium ions over the range from N,N-dimethyl- to N,N-dibutyl- is consistent

with known trends for the corresponding anilinium ions.

INTRODUCTION

The study of non-covalent interactions is becoming
increasingly important in the investigation of interfacial
systems. Of particular significance are the ‘hydrophobic
interactions’ between high molecular weight organic
assemblies and smaller aqueous phase solutes. These
interactions are relevant to processes such as (1) drug
delivery,'™® (2) pollutant transport,** (3) analytical
separations®’ and (4) molecular recognition.®® As an aid
to the study of these systems, we are developing a series
of indicators that resgond specifically to the dipolarity
and polarizability (™) of their environment, and which
also have the added advantage of being able to bind
strongly to lipophilic materials. An example of the use
of these indicators would be the study of binding
environments of drugs and toxins in biological systems.

7* Indicators

The 7* indicators of solvent dipolarity and polarizabil-
ity are a suite of solvent-sensitive solvatochromic
dyes.'™!! Scales of solvent dipolarity and polarizability
(n*) have been developed on the basis of several
indicator solutes.'”'? Values of 7* are calculated from
the relative positions of UV —visible absorption bands of
individual dyes. The n* parameter can be related to the
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transition energy through a linear solvation energy
relationship (LSER) of the following form;'®"

Viax = Vo + ST* 1

where v, is the frequency of maximum absorption (in
cm™") for the indicator in the solvent of interest. The
parameter v, is the frequency of maximum absorption
for the same in cyclohexane. Within the context of the
7* scale as established by Kamlet et al.'® the slope s
reflects the magnitude of spectral shift between two
reference solvents, cyclohexane (z*=0-00) and
dimethyl sulfoxide (DMSO) (7™ =1-00)."""" Of the
three solvent polarity parameters a*
(dipolarity —polarizability),'""" a (hydrogen bond donor
acidity)" and B (hydrogen bond acceptor basicity),
the ™* parameter is of particular significance because it
represents a measure of polarity without a contribution
from hydrogen bonding interactions, '*!!

Solvatochromic dyes in interfacial systems

Solvatochromic dyes are finding increasing use as
probes of aqueous—organic interfaces.”’""7 Some
indicators which have been used for this purpose are
Reichardt’s dye'® (ET-30) and derivatives of Reichardt’s
dye" (ET-33). Reichardt’s dyes have the advantage of
being strongly lipophilic and have been used to probe
micellization processes.'!® However, these dyes are
non-specific, i.e. they respond to a combination of
dipolarity—polarizability (7x*) and hydrogen bond
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donor acidity (a). An experimentally measured v, for
ET-30 or ET-33 is linearly correlated with two parame-
ters, 7% and a."

The difficulty in using ET-30 is that the individual
contributions of @ and 7™ cannot be determined without
access to a pure n* indicator that can be solvated into
the same environment as that of ET-30. Solvation of two
dyes into a pure solvent is not a problem. However, for
interfacial systems, the unknown location and orienta-
tion of two structurally dissimilar probes complicates
the estimation of solvatochromic parameters for these
systems.

There is a need for #* indicators with stronger
hydrophobic binding capability. The commonly used
nitroaniline 7* indicators 1a and 1b (Figure 1) are too
small and polar to partition effectively into a lipid-like
structure from the aqueous phase. We suggest that a
homologous structural series of indicators of increasing
lipophilicity will supply researchers studying micelles
and lipid-bilayer systems with an important tool,
allowing (1) measurement of a specific parameter such
as z* for the micelle or micelle surface and (2) the use
of the relationship between 7* and the systematically
changing features of the dye to understand the behavior
and orientation of the probe at the interface.

DNAP z* indicators

In this work, we selected the di-n-alkyl-p-nitroanilines
(DNAP) as a structural base for creating a homologous
series of 77* indicators with increasing lipophilic charac-
ter (Figure 1). We synthesized two new indicators, N,N-
dipropyl-p-nitroaniline  (Ic) and N,N-dibutyl-p-
nitroaniline (1d). We report for the first time some
solvatochromic and chemical properties of these dyes.

The indicators 1c and 1d were prepared via nitration
of the corresponding aniline. The dyes were character-
ized with respect to their bandshape stability and their
solvatochromic (-s) and acid—base properties (pKpy+).
In this paper, we report trends in these chemical and
spectroscopic properties over a range of increasing alkyl
chain length (1a-d).
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EXPERIMENTAL

Reagents. N,N-Dipropylaniline and N,N-dibutylani-
line were purchased from Aldrich and TCL
Spectrophotometric-grade cyclohexane, trichloroethylene,
carbon tetrachloride, anhydrous 1-methyl-2-pyrrolidinone
(NMP) and deuterated chloroform were purchased from
Aldrich. Sodium nitrate (NaNO,), dichloromethane,
spectrophotometric-grade tetrachloroethylene and pyridine
were obtained from J. T. Baker. Diethyl ether and concen-
trated sulfuric acid were obtained from EM Science.
Spectrophotometric-grade DMSO and n-heptane were
purchased from Acros and o-dichlorobenzene was obtained
from Kodak. Solvents used for, spectroscopic measure-
ments were further dried over 4 A molecular sieves. Other
reagents were used as received.

Synthesis of Ic. A 0-59 M sodium nitrate solution
was prepared by mixing 2-5 g of NaNO, with 50 ml of
concentrated (18 M) sulfuric acid. A 100 ml three-necked
flask was fitted with an internal thermometer and a
mechanical  stirrer.  Concentrated  sulfuric  acid
(1-5-3-5 ml) was added to the three-necked flask and
cooled in an ice-bath to approximately —4 °C. The aniline
(0-0075 mol) was added slowly to the cooled sulfuric
acid, maintaining the temperature between —2 and ~4°C.
An equimolar amount of the NaNO; solution was added
slowly over a 3—4 h period with constant stirring and
cooling. After addition of the nitrating reagent, the
reaction mixture was stirred for an additional 10 min and
then poured over crushed ice. The yellow precipitate was
vacuum filtered, washed with cold water and recrystal-
lized from an alcohol—water mixture. '"H NMR for 1c:
Varian Gemini-200 (CDCl;), 6 0-93 CH, (t, 6H), 1-64
CH, (m, 4H), 3-32 CH, (t, 4H), 6:64 ArH (d, 2H),
8-095 ArH (d, 2H). Mass spectrum: m/z calculated 222,
found 222. M.p. 52-54°C; lit. 59°C® and 62-63°C.*
Yield 0-99 g (60%).

Synthesis of 1d. Synthesis of 1d was carried out in
the same manner as for 1c, starting with 0-0037 mol of
the N,N-dibutylaniline. In some experiments, an excess
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Figure 1. Homologous structural series of solvatochromic z* indicators: N,N-dimethyl-p-nitroaniline (la), (b) N,N-diethyl-p-
nitroaniline (1b), N,N-dipropyl-p-nitroaniline (1c) and N,N-dibutyl-p-nitroaniline (1d)
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of the nitrating reagent was added so as to maximize
reaction of the aniline. The resulting oil phase mixture
of the meta- and para-substituted isomers was sep-
arated via silica gel column chromatography using
methylene chloride—cyclohexane (75:25) as the
mobile phase. The para-substituted fraction, 1d, was
collected and characterized. '"H NMR for 1d: (CDCly),
6 0-95 CH; (t, 6H), 1-35 CH, (m, 4H), 1-57 CH, (t,
4H), 3-33 CH, (t, 4H), 6-52 ArH (d, 2H), 8-07 ArH
(d, 2H). Mass spectrum: m/z calculated 250, found
250. Yield 0-11 g (12%).

Spectroscopic methods. All UV-visible spectra
were collected on a Cary 3 UV-visible spectrophoto-
meter. The spectrophotometer was interfaced to an
IBM-PC equipped with Cary 13E software. For each
dye-—solvent system, separate spectra were collected of
the dye solution and of the background solvent. The
spectral data were digitized and imported on to a spread-
sheet. The background spectra were subtracted directly.
An offset correction was applied as appropriate.

Studies of the solvent-dependent bandshapes of 1c
and 1d were conducted by examining individual spectra
of the four dyes (la-d) in cyclohexane, tetrachlor-
oethylene, o-dichlorobenzene and DMSO. Values of —s
were calculated from the v, of the individual dyes in
DMSO and in cyclohexane using equation (1). In
addition to the ‘two-point’ estimation of —s (i.e. based
on DMSO and cyclohexane), a seven-point correlation
method was employed. In the latter estimation,
UV-visible spectra were obtained for seven non-
hydrogen bond donor (non-HBD) solvents, DMSO,
NMP, pyridine, trichloroethylene, carbon tetrachloride,
n-heptane and cyclohexane. The solvents represent both
non-hydrogen bonding (NHB) species and hydrogen
bond acceptors (HBA), taken from an original list of
NHB and HBA solvents provided by Kamlet et al.'
Literature values of x* for the seven solvents were
plotted against experimentally determined values of v,
for each of the dyes. Values of —s and v, were taken as
the slope and intercept, respectively. The solvent 7*
values were taken from early literature, where n*
represents an average result for several indicators.!® The
experimental v, values were estimated from peak
maxima (4,,,,) using the 90% method of Kamlet et al.'°
In this method, A, is taken as the mid-point between
two positions on the spectrum where the absorbance is
90% of the maximum absorbance.'® Values of v_,, (in
cm™') were calculated using the conversion 10 000/
Amax-

pKgy+ determinations. In addition to solvato-
chromic characterization of the new dyes 1c and 1d, we
estimated values of pKyy- for the N,N-dipropyl- and
N,N-dibutyl-p-nitroanilinium ions spectrophotometri-
cally us'ng the Hy function based on tertiary aromatic
amines.”” The pKpgy+ values were estimated using the

following equation:

PKgu+ = Hg — log[ (& — €au+)/ (€5, — &m)]  (2)

where epy+ and ep, are the molar absorptivities of the
protonated (BH ") and unprotonated (B) forms of a dye,
respectively. The term ¢, is the molar absorptivity
taken from the spectrum of a mixture of B and BH*,
where the acidity of the mixture corresponds to a known
value of Hj.?

UV-—visible spectra of the acid and base forms of
1a—d were obtained using sulfuric acid—water mixtures
containing 1-50% sulfuric acid. The spectral data for B
and BH" and for a solution containing a mixture of the
two species were imported on to a spreadsheet. Values
of pKyy+ were calculated over a range of wavelengths in
a region of the spectrum where medium effects were
deemed to be minimal.” We obtained values of pKpy,-
for anilinium ions of the previously characterized 1a and
1b so as to verify our methods.

RESULTS AND DISCUSSION

Bandshape studies

The magnitude of a 7* value is determined by the
relative position of a peak maximum. These positions
are clearly affected by the shape of the absorption band.
The issue of the bandshape and its effect on the determi-
nation of wv_, has been addressed previously.!"?
Nicolet and Laurence® have shown that the absorption
bands of indicators used in the construction of the
original zz* scale display a vibrational structure which is
not constant over the entire range of solvent polarities.
This phenomenon, if severe, can result in a solvent-
dependent bandshape.''** Of the indicators 1a—d, it has
been shown that 1a suffers minimally from bandshape
problems, whereas 1b exhibits significant vibrational
structure, leading to a solvent-dependent bandshape.?
Based on this previous work, it is reasonable to
hypothesize that the longer chain dyes, 1¢ and 1d, may
be similarly affected.

Figure 2(a)—(d) show the solvatochromic bands of
la—d for cyclohexane, tetrachloroethylene, o-dichlor-
obenzene and DMSO. The ‘hump’ for bands of 1b in
cyclohexane [Figure (2b)] is consistent with previous
reports, as is the ‘flattened’ peak for 1b in
tetrachloroethylene® [Figure (2b)]. As the solvent
becomes more polar (ie. o-dichlorobenzene and
DMSO), the peak assumes a more Gaussian shape
[Figure (2b)]. This progression of peak shapes is less
pronounced in the spectra of 1a [Figure (2a)], an
observation also consistent with previous studies.? As
predicted, Figure (2c) and (d) show that the spectral
bands of 1c and 1d suffer from the same bandshape
problems as 1b.

It has been argued that bandshape variations in the
visible spectra of 1b reduce the usefulness of that
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Figure 2. UV-visible spectra of (a) N,N-dimethyl-p-nitroaniline, (b) N,N-diethyl-p-nitroaniline, (c)N,N-dipropyl-p-nitroaniline and
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indicator.’ This might be the case if one wished to
compare 7™ values obtained from 1b, 1c or 1d with
those obtained from la. However, dyes of different
structural types need to be evaluated individually. In the
case of a homologous series of indicators, bandshape
variations should not present a problem provided that
(1) the dyes in the series behave in a similar manner and
(2) the data are used comparatively.

Solvatochromic characterization

Tables 1 and 2 list values of v, (in cm ') and —s for 1¢
and 1d. Values for 1a and 1b are also listed. The —s
values were estimated via two- and seven-point correla-
tion methods. We have not applied the polarizability
correction factor (8)'*% to these data since 6 was not
applied in earlier —s determinations.”® We wished to
obtain our values in a similar manner, to facilitate
comparison of data. Our results for 1a and 1b (Tables 1
and 2) are consistent in magnitude and trend with
previously reported values.'® The values of —s are 23.00

Table 1. Value of v, and —s for DNAP indicators from two-
point estimation; comparisons with previous literature for 1a

and 1b

Indicator Yo -5 Ref.
1a 28-10 3.436 10

28-20 3.456 This work
1b 27-52 3-182 10

27-58 3-136 This work
1c 27-39 3.007 This work
1d 27-32 3.051 This work

for both 1c and 1d, an indication of good spectral
shifting capability, although not as good as that of 1a.
The slightly lower —s values for 1c and 1d, compared
with 1b, suggest that the longer alkyl chains on these
new dyes further increase the solvation sphere of these
chromophores, thereby decreasing solvent—dye interac-
tions. While the issue of vibrational structure and
bandshape precludes the use of raw peak widths as an
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Table 2. Values of v, and —s for DNAP indicators from
seven-point estimation; comparisons with previous literature

for 1a and 1b

Indicator v, -5 r SD Ref.
la 28-10 3-436 0988 0-150 10

28-23 3-464 0993 0-133 This work
1b 27-52  3-182 0994 0-099 10

27-57 3122 0996 0-096  This work
1c 27-41 3021 0994 0-112  This work
1d 27-33  3.002 0995 0-093  This work

indication of solvent interactions, we do note a slight
decrease in the width at half-maximum over the range
of 1a—d for a number of non-HBD solvents.

There is a trend in —s over the range of la—d,
beginning with a pronounced decrease on moving from
dimethyl (1a) to diethyl (1b). The values decrease
slightly on moving from the diethyl (1b) to the dipropyl
species (1c) and appear to level off with increasing alkyl
chain length. The —s values for 1¢ and 1d are reason-
ably close to one another and to that of 1b. Consistency
in solvatochromic behavior across a homologous series
of DNAP n* indicators will be important as it will
allow the data for one probe to be compared more easily
with that of another. Our results suggest that as we build
longer alkyl chain indicators, we will obtain a series of
dyes of increasing lipophilicity with similar solvato-
chromic and spectroscopic properties. Similarity of
properties will be crucial in using the solvatochromic
data to elucidate the behavior and orientation of the
DNAP indicators in aqueous—organic interfacial
environments.

It should be noted that a 45-46 nm separation of
visible absorption bands for the DNAP indicators in
cyclohexane vs DMSO (i.e. —s=>3-00) is fairly good for
the nitroaniline #* dyes.'® While solvatochromic indi-
cators such as ET-30 and ET-33 show peak separations
up to 300 nm over a range of solvents,? these latter shifts
can be attributed to the fact that ET-30 and ET-33
respond to a combination of solvent hydrogen bond donor
acidity * (@) and dipolarity —polarizability "' (z*).

DNAP indicators in interfacial systems:
considerations

Based on the discussions of bandshape variation, one
might ask why we did not select a series of dyes for
which solvent-dependent bandshape is not a problem. If
the sole objective of our study was to obtain indicators
whose solvatochromic bands exhibit a constant
Gaussian—Lorentzian shape all the way from the gas
phase to very polar solvents, then we should pick a
different structural form. However, probing organic

surfaces from an aqueous solution is a complex task
where factors in addition to bandshape play a role.
These factors include (1) the magnitude of —s, (2) the
position of the solvatochromic band and (3) the sorptive
properties of the indicator.

Consider the following situation. The solvated
surface of a micelle may have a z* that is not too
different from that of the adjacent solution. The
spectrum of an indicator that is more strongly solvato-
chromic (i.e. larger —s) will display a more prominent
peak shift as the dye partitions into the non-polar
micellar environment. Dye spectra for micellar solu-
tions that are shifted significantly from that of the
adjacent solution are better suited to spectral decon-
volution routines.”’~* Where there is an equilibrium
between dye in solution and dye in the adjacent non-
polar phase, deconvolution routines are sometimes
needed to obtain the spectrum of a dye as it exists on
the solvated surface alone.”’~* The DNAP indicators
(1a—d) are more strongly solvatochromic (-5=3-00)
than many of the previously reported #* indicators, the
values of —s of which lie between 2.00 and 3-00.'°
Good spectral shifting capability is especially import-
ant where bands are broadened owing to multiple
interactions of the indicator in the complex interfacial
environment.

In using a chemical probe to characterize a solvated
surface, it desirable to have a dye whose spectrum is not
severely overlapped with that of the sorption medium.
The positions of the solvatochromic bands for DNAP
indicators lie well within the visible region of the
spectrum, a clear advantage with respect to spectral
background subtraction. This is not true for all =*
indicators. For example, the solvatochromic band of 4-
nitroanisole lies largely within the UV region, where it
may overlap with absorption bands due to UV-absorb-
ing substrates. Materials such as hydrocarbon-bonded
silicas or micelles of surfactants with an aromatic
component show strong UV absorption. Where the
spectrum of an indicator is merged with that of a com-
plex substrate, resolving the two contributions can be
difficuit.

The third consideration is that of sorptive properties.
With two hydrocarbon chains, the DNAP indicators
have the potential to be fairly hydrophobic. Previous
studies of solvated surfaces have shown that 1a and 1b
are more lipophilic than other small 7* indicators.'s"
Our preliminary studies on 1c and 1d indicate that these
longer chain probes bind more strongly to micelles of
sodium dodecy! sulfate than 1a or 1b.

It is desirable to create a species that is strongly
bound and which has good partitioning capability. The
solvation sphere of the indicator should be as uniform as
possible. Lack of uniformity in the dielectric properties
of a dye’s solvation environment may present interpreta-
tional problems for solvatochromic data obtained in
interfacial systems. !
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Trends in pKgy+

In aqueous systems, compounds 1a—d possess a solva-
tochromic band only when the aniline nitrogen is in its
unprotonated form. The acid—base and solvatochromic
properties of the DNAP indicators are closely tied. A
preliminary analysis of the basicity of lc and 1d is
therefore warranted. As with the —s values, there are
trends in values of pKgy- for 1la—d which reflect the
effect of increasing alkyl chain length. In this part of our
work, we focus on (1) the determination of pKg,+ for 1c¢
and 1d and (2) how those values fit in with known
trends in the basicity of di-n-alkyl-substituted anilines
and nitroanilines.®>~* At this point, we emphasize that
values of pKgy+ reveal a small part of the protonation
behavior of a weak base.*® Additional thermodynamic
measurements*~*? and solvation parameters which can
be obtained from use of alternative acidity functions are
ultimately needed in order to create a complete
picture. 3:39:43-46

Values of pKgy+ for 1c and 1d are given in Table 3.
Previously reported values for N,N-dimethyl-p-
nitroanilinium and N,N-diethyl-p-nitroanilinium and
also values for the homologous series of anilinium ions
are listed for comparison. It is known that the trend in
the basicity of anilines on moving from the dimethyl to
the dibutyl species cannot be explained solely in terms
of an inductive effect. If this were the case, then one
would expect the basicity to increase linearly with
increasing alkyl chain length, as would be predicted
from calculated gas-phase acidities.”” The trend in
pKgy+ on moving from N,N-dimethyl-p-nitroanilinium
to N,N-dibutyl-p-nitroanilinium can be explained in
terms of a combination of inductive effects and differen-
tial solvation of the nitroaniline vs that of the
nitroanilinium ion.

We interpret the relatively large increase in basicity
of 1b over la as being due primarily to inductive
effects. However, solvation of B and BH" plays a role
and may be explained as follows. There is a decrease in
solvation of the aniline nitrogen on the diethyl species
over that of dimethyl. However, because the alkyl
chains are not too long at this point, the corresponding

Table 3. Estimated values of pkgy, for di-n-alkylanilinium
and -p-nitroanilinium ions in water at 25 °C

Species 1a 1b 1c id
Anilinium 5-98° 6-56° 5-59° 5-7*
5-07° 6-52°
p-nitroanilinium 0-65°¢ 1.75¢ 1-06 1-08
0-56 1.70
*Ref. 34.
"Ref. 35.
‘Ref. 37.

nitroanilinium ions are solvated to the same extents.
Hence 1a is the weaker base of the two.

As the alkyl chains become longer, as in the case of
N,N-dipropyl- and  N,N-dibutyl-p-nitroanilinium,
inductive effects play a smaller role. In addition, there
may be a steric hindrance to solvation of the protonated
species.”® Hence the acidity of BH* increases as we
move from diethyl to dipropyl. An increase in chain
length from dipropyl to dibutyl would appear to make
little difference in solvation of the protonated form.

We note that the interplay between the electron donor
ability of n-substituted alkyl groups vs their steric
effects has been invoked in the context of —s values for
nitroaniline 7* indicators.'® There may be important
links between trends in —s and pKyy+ across a wider
range of DNAP indicators, which will be further
explored.

CONCLUSIONS

New, more hydrophobic, forms of the DNAP n*
indicators, 1c and 1d, have a UV —visible spectroscopic
behavior that is similar to that of 1b but not 1a. Solvent-
dependent bandshape occurs in the spectral bands of 1c
and 1d, and must be accounted for when applying these
solvatochromic probes to the characterization of solv-
ents and materials. Values of —s and pKg,+ exhibit
variation over the range from dimethyl to dipropyl,
1a—c. Further increases in alkyl chain length (1d) exert
a minimal effect on these parameters. We are currently
building dipentyl and dihexyl DNAP indicators so that
we can further observe and confirm these trends.
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