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SPECTROSCOPIC STUDIES OF CARBOCYANINE AND 2,4,6-TRISUBSTITUTED

PYRIDINE DYES FOR BIOANALYTICAL AND pH INDICATING APPLICATIONS

by

GALA CHAPMAN

Under the Direction of Dr. Gabor Patonay

ABSTRACT

In part A, the effect of varying short-chain alkyl substitution on the spectroscopic properties of
cyanine dyes was examined. Molar absorptivities and quantum yields were determined for
groups of pentamethine and heptamethine dyes for which the substitution of the indole nitrogen
was varied. For both sets of dyes, increasing alkyl chain length did not significantly change
quantum yield or molar absorptivity. These results may be useful in designing new cyanine dyes.

In part B, the effect of structure on the suitability of 2,4,6-trisubstituted pyridines as color
pH indicators was studied by determining spectral effects of protonation, molar absorptivities,
pK, values, and the structural origin of the spectral behavior. Good color indicating properties
result from aniline substitution at the 4 position of pyridine and electron donating substitution at
the 2 and 6 positions of pyridine, which provide a strong red shift in the spectra and greater red

shifted peak absorptivity, respectively.

INDEX WORDS: Cyanine dyes, 2,4,6-Trisubstituted pyridines, Spectroscopy, Quantum yield,
Molar absorptivity, Substitution effects
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PART A: CYANINE DYE STUDY

A.1 The Effect of Varying Short-Chain Alkyl Substitution on the Molar

Absorptivity and Quantum Yield of Cyanine Dyes

Chapter A1 is identical to “Chapman, G., Henary, M., Patonay, G. The Effect of Varying
Short-Chain Alkyl Substitution on the Molar Absorptivity and Quantum Yield of
Cyanine Dyes. Anal. Chem. Insights 2011, 6, 29-36.” The synthesis and *H NMR
characterization of dyes MHI-85 and MHI-71 was carried out by Dr. Maged Henary,
ESI-MS was carried out by Dr. Lifang Wang, and | was responsible all of the other

experimental work discussed herein.

A.1.1 Introduction

Cyanine dyes are a class of conjugated, fluorescent molecules with polymethine
chromophores composed of an odd number of carbon atoms. These dyes exhibit
unusually long-wavelength absorbance and fluorescence relative to the size of their
chromophores, typically absorbing light in the visible to near infrared (NIR) region.*
These compounds were originally utilized as sensitizing additives to photographic
emulsions, but their unique structural and photophysical characteristics have since proven
useful for a wide variety of other applications requiring photosensitive materials, such as
optical recording media and solar cells.** Additionally, cyanine dyes can be used as
fluorescent labels of both proteins and DNA, thereby greatly enhancing the sensitivity of
fluorescence detection for these types of biomolecules.>” NIR-absorbing cyanine dyes

are particularly well-suited for use as fluorescent labels of proteins and nucleic acids, as



there is no interfering autofluorescence from biomolecules at these long wavelengths, and
have been applied to both in vitro analytical studies and in vivo biomedical imaging.>
Due to the tremendous utility and versatility of this class of compounds, significant
research efforts are being directed at developing new cyanine dyes functionalized for
specific applications and optimizing the properties of these dyes.

In the process of developing new dyes, it is important to determine how varying
the heteroaromatic ring nitrogen substituents influences spectroscopic behavior. Cyanine
dye structures are commonly modified at these positions to enhance binding interactions,
make the dyes pH sensitive, or improve their solubility in various solvents.
Understanding how these modifications may influence the absorption characteristics and
quantum efficiency is important for designing new compounds with specific functional
and spectroscopic characteristics. Cyanine dyes in the excited singlet state can decay
back to the ground state through four major pathways: fluorescence, intersystem crossing,
internal conversion, and photoisomerization. Of the radiationless decay processes, it has
been suggested that photoisomerization is the most significant, followed by internal
conversion.’®!! The extent of photoisomerization has been shown to be dependent on dye
rigidity, " which may be influenced by both backbone structure and side chain
substitution. By introducing rigidifying structures or rotation-hindering bulky
substituents, photoisomerization would be expected to decrease with a corresponding
increase in quantum yield.*>*

The purpose of this study was to investigate the effect of varying alkyl group

length substitution of the indole ring nitrogen on the molar absorptivities and quantum

yields of cyanine dyes. Molar absorptivities (€) of each dye were calculated as per the



Beer-Lambert law, and fluorescence quantum yields (¢) were determined by a relative
method. Two classes of cyanine dyes were studied: pentamethine cyanine dyes and ring-
stabilized heptamethine cyanine dyes. These two different dye “backbones,” which differ
in terms of the substitution and length of the polymethine chain as well as the
heterocyclic moieties at either end of the polymethine chain, were chosen as models to
ensure that the observed results are widely applicable to a range of cyanine dyes, rather
than peculiar to one subgroup of dyes. The pentamethine cyanine dyes studied all had a
4,5:4°.5°-Dibenzo-3,3,3",3 -tetramethylindadicarbocyanine backbone, the structure of

which is shown in Figure A.1.1.

MHI-85 R = (CH,),SO, Na*

666 R = n-Butyl X = PFq
829 R = Isopentyl X = PFg
IR-676 R = Methyl X =1

Figure A.1.1. Structure of pentamethine cyanine backbone and substituents in dyes
studied



The heptamethine cyanine dyes studied all had a 2-[2-[2-Chloro-3-[(1,3-dihydro-3,3-
dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-

dimethyllindolium backbone, the structure of which is shown in Figure A.1.2.

MHI-71 R = n-Butyl X =1
IR-780 R = n-Propyl X =1
IR-786 R = Methyl X = ClO,

Figure A.1.2. Structure of heptamethine cyanine backbone and substituents in dyes studied

A.1.2 Experimental

A.1.2.1 Instrumentation

Absorbance spectra were measured using a Perkin-Elmer Lambda 20 UV-Visible
Spectrophotometer (Perkin-Elmer Incorporated, Waltham, MA) interfaced to a PC, with a
spectral bandwidth of 2 nm. Fluorescence spectra for the pentamethine cyanine dyes were
obtained using a Shimadzu RF-1501 Spectrofluorophotometer (Shimadzu Scientific Instruments,
Columbia, MD) interfaced to a PC, with the spectral bandwidths for both excitation and emission

set to 10 nm and the sensitivity set to “high.” Fluorescence spectra for the heptamethine cyanine



dyes were obtained using a ISS K2 Multifrequency Phase Fluorometer (ISS Inc., Champaign, IL)
interfaced to a PC, with the spectral bandwidths set to 10 nm. The excitation source used for the
ISS K2 Fluorometer was an external 690 nm class 111B laser (<100 mW, S/N 901290, Lasermax
Inc., Rochester, NY). Disposable absorbance cuvettes and quartz fluorescence cuvettes with
pathlengths of 1.00 cm were used for absorbance and fluorescence measurements, respectively.

All calculations were carried out using Microsoft Excel (Microsoft Corporation, Redmond, WA).

A.1.2.2 Chemicals and reagents

Pentamethine dyes 666 (>98.0%) and 829 (>99.5%) were obtained from Organica Feinchemie
GmbH (Wolfen, Germany). IR-676 iodide (97%) was obtained from Spectrum Info Limited
(Kiev, Ukraine). Rhodamine 800 chloride (R800) (Fluorescence Reference Standard, Sigma-
Aldrich, St. Louis, MO) was also obtained for use as a reference standard in the determination of
the quantum yield of the pentamethine dyes. Heptamethine dyes IR-780 iodide (99%) and IR-
786 perchlorate (98%) were obtained from Aldrich Chemical Co. (Milwaukee, WI) and Sigma-
Aldrich, respectively. Indocyanine green (ICG) (lot GG01, 82.0% purity, TCI America, Portland,
OR) was obtained for use as a standard in the determination of the quantum yield of the
heptamethine dyes. The purchased dyes were used without further purification.

Pentamethine dye MHI-85 and heptamethine dye MHI-71 were synthesized in our lab following

near infrared dye syntheses described in the literature.’



A.1.2.3 Dye synthesis
MHI-85 was synthesized as illustrated in Equation 1. The pentacarbocyanine dye MHI-85 was
obtained by the condensation reaction between benz[e]indolium salt and malonaldehyde

bis(phenylimine) monohydrochloride under basic conditions.

O NaOAc
-+ CHy(CH=NPh),e HC| ———

+

N Ac,0

ez A

03S (OF

SO;Na

The purified product consisted of dark purple-blue crystals, mp 244-246 °C, yield 85%; *HNMR
(300 MHz, DMSO-d6): 8= 8.46 (t, J = 12.0 Hz, 2H), 8.25 (d, J = 8.4 Hz, 2H), 8.08 (d, J = 3.6
Hz, 2H), 8.05 (d, J = 3.6 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.68 (t, J = 7.5 Hz, 2H), 7.51 (t, J =
7.5 Hz, 2H), 6.67 (t, J = 12.0 Hz, 1H), 6.43 (d, J = 13.8 Hz, 2H), 4.25 (s, 4H), 2.60-2.50 (m, 4H),
1.97 (s, 12H), 1.85-1.75 (m, 8H). MS (ESI+): calcd. for C41HsN2S,06" [M — Na]* 725.2719;

found 725.2688.

MHI-71 was synthesized as illustrated in Equation 2. The heptacarbocyanine dye MHI -
71 containing cyclohexene in the middle was synthesized by condensing the salt of Fischer base

with Vilsmeier-Haack reagent under basic conditions to produce the dye.
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The purified product consisted of iridescent golden-green crystals, mp 219-221 °C, yield 80%;
'H NMR (300 MHz, CDCl3): 8= 8.37 (d, J = 13.0 Hz, 2H), 7.45-7.37 (m, 4H), 7.30-7.20 (m,
4H), 6.24 (d, J = 13.0, 2H), 4.22 (t, J = 6.0 Hz, 4H), 2.75 (t, J = 6.0 Hz, 4H), 2.08-1.98 (m, 2H),
1.90-1.80 (m, 4H), 1.74 (s, 12H), 1.56-1.46 (m, 4H), 1.04 (t, J = 6 Hz, 6H). MS (ESI+): calcd.

for CagHagN2CI™ [M — 1] 567.3521; found 567.3506.

A.1.2.4 Stock solutions

Stock solutions of the dyes were prepared by weighing the solid on a 5-digit analytical balance
directly into a brown glass vial and adding methanol (MeOH) (LC-MS Chromasolv Grade,
Sigma-Aldrich, St. Louis, MO) via a class A volumetric pipette (Kimble/Kontes, Vineland, NJ.).
The contents of the vial were vortexed for 20 seconds, then sonicated for 5 minutes to ensure
complete dissolution. The stock solutions were protected from light and stored in the freezer

when not in use.

A.1.2.5 Method of determining molar absorptivity

Stock solutions were used to prepare five to six samples in methanol with concentrations ranging
from 0.25-10 M. Samples were prepared in 5.00(+0.02) and 10.00(+0.02) mL volumetric flasks
using a 5-50 uL Micropipette 821 and a 200-1000 pL Pipetman (P1000) micropipette (Gilson,

Inc., Middleton, WI.). The absorbance spectrum of each sample was measured using the Perkin



Elmer Lambda 20 Spectrophotometer, and the absorbance at the wavelength of maximum
absorbance (Awax"?) was determined. The absorbance values (A) of each sample at Apax’> were

plotted as a function of dye concentration (C), and the linear regression equation was computed.

A.1.2.6 Method of determining quantum yield

Standards were chosen with wavelengths of maximum emission within 10 nm of those of the
unknowns to prevent errors resulting from wavelength dependent variation in fluorimeter
response. Samples of the dyes and their respective standards were prepared from stock solutions
such that their absorbance at Awax"° was less than 0.1 (to prevent the inner filter effect in
fluorescence measurements). The absorbance and fluorescence spectra of each sample were
obtained concurrently to minimize experimental error from photobleaching and potential
solubility issues, and for all scans, the standard was run both prior to and following the
unknowns (to ensure no change in instrumental response over the course of the runs). For both
the pentamethine and heptamethine dyes, duplicate absorbance scans were obtained and the
absorbance values at both the Amax"® and Aexc Were averaged. The emission spectra of the
pentamethine dyes were measured in triplicate using the RF-1501 fluorimeter with the excitation
wavelength set to 620 nm. The emission spectra of the heptamethine dyes were measured in
triplicate using the 1SS-K2 fluorimeter with a 690 nm excitation wavelength. For both sets of
dyes, the area under each fluorescence curve was calculated and corrected for the Rayleigh peak

area (if necessary). The average fluorescence peak areas were then calculated for each sample.



A.1.3 Results and discussion

Molar absorptivities of each dye (in methanol) were computed from the slope of the linear
regression plots of absorbance versus concentration. Absorbance values greater than or equal to
2.0 were excluded from these data sets. The molar absorptivities (€) were then calculated at
Avax © from the least squares slopes of the respective data sets, as per Beer’s law.

Provided in Table A.1.1 isa summary of the found Amax™" values and average calculated
molar absorptivities (g) for the pentamethine cyanine dyes and R800 as a reference sample. Also
included in Table 1 are the standard deviations and percent relative standard deviations of the
calculated molar absorptivities. The similarities in the Amax’ > values of the cyanine dyes
indicate the similarity in substitution. For dyes 666, 829, and IR-676, the substituents are all
electron-donating alkyl groups. MH1-85 exhibits virtually no shift in absorbance maximum
relative to those found for the alkyl-substituted dyes 666 and 829, indicating that the sulfonate
moiety is far enough removed from the chromophore that its electron-withdrawing effects have
insignificant influence. The molar absorptivities of the dyes at Amax’" do not vary greatly
amongst themselves and do not follow any apparent trend based on substitution. Butyl-
substituted dye 666 exhibited the greatest molar absorptivity, followed by methyl-substituted IR-
676, followed by isopentyl-substituted dye 829. Butylsulfonato-substituted MHI-85 had the
lowest observed molar absorptivity. The differences between dyes 666, 829, and IR-676 are not
statistically significant, as the molar absorptivities of these dyes fall within the outer limits of
each others ranges of standard deviation. However, the differences in molar absorptivity between

MHI-85 and both dyes 666 and IR-676 are statistically significant, if relatively small.



The lower molar absorptivity of butylsulfonato-substituted MHI-85 relative to the other dyes
may be due to substituent chain length, effects of the sulfonate moiety, or the presence of minor
impurities. The molar absorptivity values showed good precision, with reasonably low percent

relative standard deviations (1.7% - 7.4%) for all of the dyes.

Table A.1.1. Summary of wavelengths of maximum absorbance (Auax) and averages, standard
deviations, and percent relative standard deviations of calculated molar absorptivities () at Amax
for the pentamethine cyanine dyes and the standard (R800)

AMAX AVg € (7\-MAX) Std. Dev. ¢ (}VMAX) % RSD

Dye | (nm) | (L mol*cm™) (L mol™* cm™) & (Amax)
MHI-85 | 680 1.7E+05 2.6E+04 14.81
666 680 2.2E+05 1.2E+04 5.37
829 680 2.0E+05 1.5E+04 7.41
IR-676 | 675 2.08E+05 3.5E+03 1.66
R800 679 7.1E+04 4.3E+03 6.14

Provided in Table A.1.2 is a summary of the found Amax"" values and average calculated
& values at the Amax° for the heptamethine cyanine dyes and ICG as a reference sample. Also
included in Table 2 are the standard deviations and percent relative standard deviations of the
calculated molar absorptivities. The similarities in the Avax° values amongst the cyanine dyes
indicate the similarity in substitution; all are substituted with electron-donating alkyl groups. As
with the pentamethine dyes, the molar absorptivities of the heptamethine dyes at Amax'© do not
vary greatly amongst themselves and do not follow any apparent trend based on substitution.
Propyl-substituted IR-780 exhibited the greatest molar absorptivity, followed by methyl-

substituted IR-786, followed by butyl-substituted MHI-71. Only the differences in molar
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absorptivity between MHI-71 and IR-786 and between MHI-71 and IR-780 are statistically
significant (the ranges of molar absorptivity specified by the standard deviations are mutually
exclusive). The molar absorptivity values showed good precision, with reasonably low percent

relative standard deviations (0.88% - 8.45%) for all of the dyes.

Table A.1.2. Summary of wavelengths of maximum absorbance (Auax) and averages, standard
deviations, and percent relative standard deviations of calculated molar absorptivities (g) at Amax
for the heptamethine cyanine dyes and the standard (ICG)

AMAX AVg € (7\-MAX) Std. Dev. ¢ (}VMAX) % RSD

Dye | (nm) | (L mol*cm™) (L mol™* cm™) & (Amax)
IR-786 | 774 2.6E+05 2.2E+04 8.45
IR-780 779 2.74E+05 2.4E+03 0.88
MHI-71 | 779 1.64E+05 6.6E+03 4.01
ICG 783 1.25E+05 1.2E+03 0.98

Provided in Figures A.1.3 and A.1.4 are representative comparisons of the absorbance
and emission spectra of the pentamethine and heptamethine dyes, respectively. For both sets of
dyes, the fluorescence and absorbance spectra are reasonably good mirror images of one another
(with the exception of the Soret peak visible at lower wavelengths in the absorbance spectrum),
and the Stokes’ shifts provided in Tables A.1.3 and A.1.4 are relatively small, ranging from 20-
23 nm (321-348 cm™). This indicates minor structural changes between the ground and excited

singlet states of these dyes.

11



AmaxPB= AmaxEM =
680 nm 703 nm
500 550 600 650 700 750 800
A (nm)

Figure A.1.3. Comparison of relative absorption and emission spectra of MHI-85 in methanol,
with labeled wavelengths of maximum absorbance (Avax’2) and emission (Avax=")

500 600 700 800

A (nm)

Figure A.1.4. Comparison of relative absorption and emission spectra of MHI-71 in methanol,
with labeled wavelengths of maximum absorbance (Avax’2) and emission (Avax=")



Table A.1.3. Average wavelengths of maximum absorbance (Aumax"") and emission (Apax—")

and Stokes' shifts of pentamethine cyanine dyes

AB EM Stokes'
7¥MAX }\'MAX
Dye (nm) (nm) Shift (cm™)
IR-676 675 698 488
666 680 703 481
829 680 702 461
MHI-85 680 703 481

Table A.1.4. Average wavelengths of maximum absorbance (Awax"") and emission (Ayax-")

and Stokes' shifts of heptamethine cyanine dyes

AB EM Stokes'
7\4MAX ?&MAX
Dye (hm) (nm) Shift (cm™)
IR-786 774 796 357
IR-780 779 799 321
MHI-71 779 799 321

The fluorescence quantum yields of each of the cyanine dyes were calculated relative to
the standard from their respective average fluorescence peak areas (F), average absorbances at
Aexc (A), and the published quantum yield of the standard (¢s), as per the following equation. In

this equation, the indices S and U refer to the standards and the unknowns, respectively.

¢U:¢5*FulFs*As/AU

Methanol was used as the solvent for both the standards and the unknowns; therefore no
correction for solvent refractive index was necessary in this equation. This calculation assumes
negligible variation in instrument response within the range of emission wavelengths exhibited

by the unknowns with respect to the standard emission wavelengths.
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Provided in Table A.1.5 are the average quantum yields of the pentamethine dyes
calculated relative to R800 as determined from multiple studies, along with their standard
deviations and percent relative standard deviations. Reproducibility of results following
duplicate determinations of quantum yield was good for dyes MHI-85 and IR-676, with percent
relative standard deviations of 5.6 and 5.1 percent, respectively; accordingly no further
determinations were made. However, reproducibility was poor for dyes 666 and 829, accordingly
the quantum yield of dye 666 was determined two additional times, and the quantum yield of dye
829 was determined one additional time in an attempt to improve reproducibility. Following
these further studies, a significant improvement in reproducibility was observed for dye 666 but
not dye 829. Nonetheless, even taking into account the high percent relative standard deviations,
the average quantum yields of the pentamethine dyes did not vary significantly with increasing
alkyl N-substitution. Additionally, it appears that the addition of solubility-enhancing anionic
sulfonate groups to these alkyl N-substituents has no significant effect on the quantum vyield.

Provided in Table A.1.6 are the average quantum yields of the heptamethine dyes
calculated relative to ICG as determined from duplicate studies, along with their standard
deviations and percent relative standard deviations. Reproducibility of results following
duplicate determinations of quantum yield was good for all of the dyes, with IR-786, IR-780, and
MHI-71 having percent relative standard deviations of 2.8, 4.5, and 6.8 percent, respectively;
accordingly no further determinations of quantum yield were made. Overall, the quantum yields
of the heptamethine dyes were much lower than those of the pentamethine dyes, as expected,*
and as with the pentamethine dyes, the average quantum yields of the heptamethine dyes did not

vary significantly with increasing alkyl N-substitution.
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Table A.1.5. Average quantum vyields (¢) calculated for pentamethine dyes and their standard
deviations and percent relative standard deviations

Dye Average ¢ | Std.Dev. ¢ | %RSD ¢
MHI-85 0.175 0.0098 5.6

666 0.19 0.0260 13.9

829 0.17 0.0405 23.7
IR-676 0.164 0.0084 5.1

Table A.1.6. Average quantum yields (¢) calculated for heptamethine dyes and their standard
deviations and percent relative standard deviations

Dye Average ¢ | Std. Dev. ¢ %RSD ¢
IR-786 0.076 0.0022 2.8
IR-780 0.076 0.0035 4.5
MHI-71 0.077 0.0053 6.8

A.1.4 Conclusions

Based on these results, it can be generalized that increasing the chain length of short-chain alkyl
substituents on the heterocyclic indole nitrogens has little to no effect on the quantum yields and
molar absorptivities of cyanine dyes, and the addition of sulfonate groups to the ends of these
alkyl N-substituents also does not change the quantum yield. The lack of effect on quantum yield
may be attributable to the fact that the N-substituents are not directly conjugated to the
chromophore and therefore have little to no effect on internal conversion-type energy loss, and
that additionally, these short chain substituents do not provide adequate steric hindrance to
interfere sufficiently with photoisomerization to cis-cyanine. The implications of these results are
significant to the design and synthesis of new cyanine dyes. As previously mentioned, cyanine
dyes are frequently modified at these heterocyclic nitrogen positions to enhance binding

interactions, make the dyes pH sensitive, or improve solubility. Accordingly, provided the
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functional group is not directly attached to the chromophore, but instead “bridged” by a short
alkyl substituent, introducing this group should have little effect on the quantum yield of the dye
relative to a structurally similar dye lacking this functionality. For example, if one wished to
modify a dye with desirable spectroscopic properties to be more water soluble or to bind more
strongly with DNA or protein by adding a charged or polar functionality, this modification could
be carried out without concern for loss or change of the desired spectral characteristics.
Additionally, these results suggest that quantum yields of new cyanine dyes can be roughly
predicted prior to their synthesis and characterization based on quantum yields of structurally

similar preexisting dyes, provided that such data exists.
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PART B: SPECTROSCOPIC BEHAVIOR OF 2,4,6-TRISUBSTITUTED PYRIDINES:
PROTONATION BEHAVIOR, AGGREGATION PROPERTIES, AND MOLAR

ABSORPTIVITIES OF POTENTIAL pH INDICATORS

The research in this portion of the thesis investigates the potential suitability of a series of 2,4,6-
trisubstituted pyridine dyes for use as nonaqueous pH indicators by studying the spectral effects
of protonation with different acids in different solvents, the molar absorptivities of protonated
and unprotonated forms of the dyes, the pK; values of the dyes (chapter B.1) and the structural

origin of the spectral behavior observed in these dyes (chapter B.2).

B.1 Protonation Studies, Molar Absorptivities, and pK, Determination of 2,4,6-

Trisubstituted Pyridines Using Absorption Spectroscopy

B.1.1 Introduction

B.1.1.1 Pyridine and pyridine derivatives: natural occurrence and applications

Pyridine and its derivatives are a group of biologically and chemically important compounds
with a myriad of applications. Pyridine derivatives occur in biological systems in nicotinamide
adenine dinucleotide (NAD" and NADH), an important cofactor for the catalysis of biological
redox reactions.*’ Pyridine also occurs naturally as a structural element of the B-vitamins niacin
and pyridoxal, as well as a number of alkaloids produced by plants, including nicotine.*®
Pyridine itself is a commonly used polar aprotic solvent, and its derivatives find applications in

agriculture, medicine, and other industries.*®*°
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One particularly important subclass of pyridine derivatives are the 2,4,6-trisubstituted
pyridines. Some of these compounds have shown promise as anticancer drugs that work by
inhibiting topoisomerases | and 11.%> However, the majority of applications of 2,4,6-trisubstituted
pyridines are more directly related to their photophysical properties. These compounds have
found applications in thermal recording materials,** photographic acid mediated imaging

media,?

and photocurable compositions for stereolithography. Additionally, 2,4 ,6-triaryl
pyridines can act as dye lasers in appropriate solvents.?*As a result of the larger distribution of
excited state energy levels in solution, these and other dye lasers can be used for a much broader
range of wavelengths than gas or solid state lasers, making them particularly well suited to
applications in tunable and pulsed lasers.

Additionally, 2,4,6-trisubstituted pyridines can be used as pH indicators and ion probes.
For example, a compound possessing a terpyridine moiety (two 2-pyridyl substituents at the 2’
and 6’ positions) and a 4’-aminomethylphenyl substituent linked to a heptamethine cyanine dye
has been applied successfully as a NIR-fluorescing pH probe for in vivo applications. The
terpyridine moiety acts as the proton receptor, while the cyanine functionality provides the NIR
fluorescence. As this compound was found to have a pK, near physiological pH and a linear
fluorescence response in the physiological pH range, it proved useful for in vivo fluorescence
measurement of intracellular pH, as evidenced by confocal microscopy studies of liver cells
stained with the dye.?

Accordingly, although these compounds are structurally unrelated to cyanine dyes, they
share several similarities in terms of their applications based on photophysical properties, and

additionally, the two families can be combined to create pH-sensitive fluorophores for in vivo pH

sensing applications. Additionally, it is important to note that linking a 2,4,6-trisubstituted
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pyridine moiety to a cyanine dye (or other group) strongly modulates the pK, of the pyridine
moiety; 2,2°:6°,2” terpyridine alone possesses a pKa value of 4.16,%° whereas the pKy; of the
cyanine-terpyridine compound was found to be 7.1.%

In a study carried out by Garcia-Acosta et al., a series of 2,6-diphenylpyridine
compounds with variously substituted p-anilino substituents at the 4 position were found to be
useful as ion probes.? Pyridines functionalized at the 2,4, and 6 positions with electron-donating

groups have a donor-acceptor structure as shown in Figure B.1.1.

D

Figure B.1.1. Donor-acceptor structure of 2,4,6-trisubstituted pyridines

When one of the donor groups is also a nucleophile (such as a p-anilino group), binding of
cations can either occur at the donor group or the acceptor pyridine group. Compounds with p-
anilino substituents at the 4-position (D3) were found to respond nonselectively to a variety of
metal cations, with complexation occurring at either the aminophenyl donor group or the
pyridine acceptor group. Complexation with metals at the pyridine group was attributed to a
bathochromic shift in the absorption spectrum, whereas complexation with metals at the anilino
group was attributed to a slight hypsochromic shift in the absorption spectrum. Addition of
certain anions to these metal complexes resulted in either a decrease or an increase the intensity
of absorption, which was attributed to the formation of ion pairs or anion-mediated relocation of

the metal ion from the anilino donor binding site to the pyridine acceptor binding site,
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respectively. Accordingly, metal complexes of these compounds may be applied for differential
anion sensing purposes by observing the spectrophotometric response of ensembles containing
different metal complexes of these compounds to different anions and looking for a “fingerprint”
recognition pattern.?

For certain 2,4,6-trisubstituted pyridines (such as those with a p-anilino substituent),
protonation results in a pronounced color change corresponding to the appearance of a new peak
in the absorption spectrum with a significant (~100 nm) bathochromic shift, which increases to a
maximum as increasing concentrations of acid are added. Addition of greater concentrations of
acid beyond that corresponding to this maximum results in a decrease in absorption intensity of
this bathochromic peak and a hypsochromic shift in the spectrum. These two distinct sets of
spectral changes (which each display separate, clearly defined isosbestic behavior) can be
correlated to the presence of two protonation equilibria.”® The first equilibrium is presumably
related to the conversion of nonprotonated dye to the singly protonated form of the dye, whereas
the second equilibrium is associated with the conversion of the singly protonated form of the dye
to the doubly protonated form. These equilibria and their acid dissociation equilibrium constants
are generalized in Equation 3, where “B” is the basic form of any of the dyes studied and HB”

and H,B?" are the singly and doubly protonated forms of the dyes, respectively.

B — HB* — H,B** (Eq3)
red shift blue shift

This pH-dependent color change makes these compounds potentially useful as pH indicators, and

may be studied readily using absorption spectroscopy.
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B.1.1.2 Solvent considerations

To study the protonation characteristics of 2,4,6-trisubstituted pyridines in nonaqueous solutions,
the choice of solvent is extremely important. The most obvious consideration is the solubility of
the compound in the solvent. Additionally, the solvent must also have a high dielectric constant
(relative permittivity, €) for ionic dissociation to occur; at the very least it needs to be greater
than 10.?" Accordingly, the best solvent choices for these purposes are polar aprotic solvents with
€ > 10, which are capable of readily dissolving 2,4,6-trisubstituted pyridines while
simultaneously permitting dissociation of acids and protonation. Dimethylformamide,
acetonitrile (ACN), and dimethylsulfoxide (DMSQ) seem to be the best candidates for these
purposes, possessing relatively high dielectric constants, however, dimethylformamide is
hydrolyzed in the presence of strong acids and is therefore incompatible.?® Accordingly, either
DMSO or ACN would be appropriate solvents for studying protonation of these compounds.

One other consideration when choosing a nonaqueous solvent to is the donor number of
the solvent, which is a measure of its strength as a Lewis base (the larger the donor number, the
more basic the solvent).? Solvents with high donor numbers promote the dissociation of an acid
by acting as a base, and similarly, diminish the strength of a base dissolved in the same solvent.
Donor numbers and dielectric constants of water, ACN, and DMSO are summarized in Table

B.1.1.

Table B.1.1. Dielectric constants®® and donor numbers®! of water, acetonitrile, and DMSO

Dielectric Donor
constant € number DN
Solvent CcVv'm" | (kcal/mol)
H,O0 78 18
ACN 37 14
DMSO 47 30
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Acetonitrile has a lower dielectric constant than water and accordingly, dissociation of acids
occurs to a lesser extent than in aqueous solutions. Additionally, it has a lower donor number
than water, and is therefore a weaker base. Accordingly, an increase in the acid dissociation
constant (pK,) is observed for almost all compounds dissolved in acetonitrile; bases become
significantly stronger and acids become significantly weaker.*> DMSO also has a lower dielectric
constant than water, but it has a significantly larger donor number, reflecting its ability to act as a
Lewis base. As discussed in the previous paragraph, basic solvents tend to promote the
dissociation of acids while diminishing the strength of bases dissolved in the same solvent. This
behavior is best illustrated in Table B.1.2 via a comparison of some pK; values of acidic and

basic compounds determined in water, acetonitrile, and DMSO.

Table B.1.2. Comparison of acid dissociation constants (pK;) of some acidic and basic
compounds in water,®* DMSO,* and ACN**%3t 25° C

pKain | pKyin | pKyin

Compound H.O ACN | DMSO
Acetic Acid 4.80 23.51 12.6
Phenol 9.99 29.14 18
p-Toluenesulfonic acid (PTSA) -2.8 8.45 0.9
HCI -7 8.9 1.8
Aniline 9.4 10.62 3.6
Pyridine 5.2 12.53 34

The pK, values of acids and bases provided in Table B.1.2 show the effects of each solvent on
acid and base strength. From the above data, it can be generalized that among the three solvents,
acids tend to be strongest in water, less strong in DMSO, and least strong in ACN. The
observation of greater acid strength in water than in DMSO demonstrates the importance of

dielectric constant with respect to the dissociation of acids, and the massive differences in acid
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strength between DMSO and ACN can be attributed to both the higher dielectric constant and
donor number possessed by DMSO. It can also be generalized that among the three solvents,
bases tend to be strongest in acetonitrile, followed by water, with the weakest base strength
observed in DMSO. The weak base strength in DMSO is a reflection of its high basicity (donor
number). The increase in pK, observed in ACN relative to water is due to both the lower donor
number and lower dielectric constant of ACN. These effects on acid and base strength must be
taken into consideration in this study, as all of the experiments (except determination of pKj) will
be conducted exclusively in nonaqueous solvents or solvents containing small concentrations of

water.

B.1.1.3 Determination of acid dissociation constants
There are a variety of different options for determining acid dissociation constants (pK,) of
compounds, including amperometric titrations, nuclear magnetic resonance (NMR)
spectroscopy, fluorescence spectroscopy, and UV-visible absorption spectroscopy. However, the
unique absorption behavior and the appearance of an absorption peak corresponding only to the
singly protonated form of the dye makes absorption spectroscopy a logical choice for pK,
determination of 2,4,6-trisubstituted pyridine dyes. Additionally, UV-visible spectrophotometric
determination of pK, allows the use of lower concentrations of analyte (micromolar range) than
required for amperometric or NMR methods.

Special considerations must be taken into account to determine the aqueous pK, values of
water-insoluble compounds. Most approaches involve determining acid dissociation constants
(psKa) in organic solvent-water mixtures of varying composition and extrapolating the psK, to

zero percent water to determine the aqueous pK,. Such methods typically yield linear
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relationships provided that the dielectric constants of the solvent-water mixtures are greater than
47 (to avoid Bjerrum-type ion association).** One commonly used method is the Yasuda-
Shedlovsky extrapolation, in which the sum of the experimentally determined psK, values and
the logarithm of the molarity of water in the solvent-water mixture in which it was determined
(psKa + log[H20]) are plotted as a function of the inverse of the dielectric constant of the solvent-
water mixture (1/€).”> The aqueous pKa is then determined by solving for psKa + log[H,0] when
1/e = 1/enzo and subtracting the logarithm of the molarity of pure water. A similar, somewhat
simpler approach is to plot the psK; as a function of percentage organic solvent and solve for the
y-intercept.** When this methodology is used, it has been determined that in some solvent-water
mixtures, the slope of psK; versus percent organic solvent is relatively constant, regardless of the
analyte. For example, in ethanol-water mixtures, the slope of this line has been reported as
remaining relatively constant at around 0.03665.% Therefore, a quick (albeit less accurate)
determination of aqueous pK, can be made by titration in a single solvent-water mixture and
extrapolation to zero can be accomplished by subtracting the product of the reported slope of the

line and percent ethanol from the psK, determined in the solvent-water mixture.

B.1.1.4 Goals of this study

The aim of this study is to relate the potential suitability of 2,4,6-trisubstituted pyridine dyes as
nonaqueous pH indicators to their structures by studying the absorption spectra and molar
absorptivities, particularly of the singly protonated and unprotonated forms of the dyes. For these
absorption studies, acetonitrile was initially chosen over dimethylsulfoxide for ease of handling,
and fortuitously, the use of ACN facilitated the study of both protonation equilibria using

relatively low concentrations of acid, whereas much higher concentrations were found to be
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necessary when DMSO was employed (as discussed in detail in section B.2). Protonation with a
number of different strong and weak acids was tested, including hydrochloric acid, perchloric
acid, para-toluenesulfonic acid, acetic acid, and phenol. The effects of solvent composition
(percent water) and ionic strength on protonation with hydrochloric acid was tested in semi-
aqueous solutions of acetonitrile. Molar absorptivities of the basic and singly protonated forms of
eight of the dyes were determined as per the Beer-Lambert law. Molar absorptivities could not be
reliably determined for two of the dyes, which demonstrated unstable absorption characteristics
most likely due to aggregation, as evidenced by separate aggregation studies. The acid
dissociation constants psKs1 and psK,, of two of the dyes were determined spectroscopically in a
solvent composed of 50% water and 50% ethanol with a constant ionic strength of 0.1 M and
constant concentration of dye; in these experiments the pH was adjusted using HCIO 4.
Calculated psK, values were extrapolated to zero percent ethanol and corrected for ionic strength
to determine the aqueous pK,. Both the spectroscopic characteristics and pK, values of the dyes

were then related to their structures.

B.1.2 Experimental

B.1.2.1 Materials and instrumentation

All 2,4,6-trisubstituted pyridine dyes were obtained from Dr. Maged Henary and used without
further purification. Purities were verified by *H NMR as a routine task when the dyes were
synthesized and further confirmed by determination of melting point ranges. Structures of the
dyes are provided in Figure B.1.2. In this figure, terpyridine dye F has been grouped with

terpyridine dyes | and J to emphasize structural similarity between these compounds. Perchloric
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acid (HCIO4; 69.5%, Lot No. 02829ER) and para-toluenesulfonic acid monohydrate (PTSA;
98.5%) were obtained from Aldrich Chemical Co. (Milwaukee, WI). Hydrochloric acid (HCI;
12.309 M), glacial acetic acid (AA; 99.5%), and phenol (>99.9%, Lot No. 36596HMV) were
obtained from Sigma-Aldrich (St. Louis, MO). Sodium chloride (NaCl; 99+%) and acetonitrile
(ACN; 99.9%, 0.03% H,0) were obtained from Fisher Scientific (Fairlawn, NJ). Acetonitrile
was stored over freshly dried 4A molecular sieves. Type 1 ultrapure water (18.2 MQ cm) was
obtained from a Barnstead Nanopure Water System (Thermo Fisher Scientific, Waltham, MA).
Koptec ethanol (EtOH; 200 proof; 99.5% min) and BDH reference standard buffers (pH 4.00 +
0.01, pH 7.00 + 0.01, pH 10.00 + 0.02) for calibrating the electrode were obtained from VWR
(Radnor, PA). Tris(hydroxymethyl)aminomethane (THAM; 99.9+% ultrapure grade) was
obtained from Aldrich Chemical Co. (Milwaukee, WI1) for use in standardizing perchloric acid
solutions used in the pKj titrations.

Absorption spectra were measured using either a Perkin-Elmer Lambda 20 UV-Vis-NIR
Spectrophotometer (Perkin-Elmer Incorporated, Waltham, MA) or a Cary 3G UV-Vis
Spectrophotometer (Agilent Technologies Incorporated, Santa Clara, CA). Disposable
Fisherbrand polystyrene cuvettes (Fisher Scientific) with pathlengths of 1.00 cm were used for
absorption measurements of solutions in acetonitrile and in ethanol-water mixtures. A ROSS®
pH electrode (operational pH range: 0-14; Orion Research, Inc., Beverly, MA) was used for pH
measurements and calibrated using a three point calibration method with pH 4.00, pH 7.00, and
pH 10.00 reference standard buffer solutions. All calculations were carried out using Microsoft

Excel (Microsoft Corporation, Redmond, WA).
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Figure B.1.2 Structures of 2,4,6-trisubstituted pyridines studied

B.1.2.2 Preparation of stock solutions
Stock solutions of the compounds were prepared by weighing the solid on a 5-digit analytical

balance directly into a glass vial and adding ACN via a class A volumetric pipette
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(Kimble/Kontes, Vineland, NJ.) and/or an adjustable volume micropipette (Gilson, Inc.,
Middleton, WI.) such that the final solution had a concentration of 1 mM. The contents of the
vial were vortexed for 20 seconds, then sonicated for 10 minutes to ensure complete solvation.
The stock solutions were protected from light and stored in the freezer when not in use.
Secondary 0.1 mM stock solutions of dyes were prepared to make up working solutions just prior
to absorption studies by a 1:10 dilution of the dye with ACN in a class A volumetric flask.

A parent stock solution of 1 M hydrochloric acid was prepared by dilution of 12.3 M HCI
in ultrapure H,0 using class A volumetric pipettes. A secondary 0.1 M HCI solution was
prepared by 1:10 dilution of this parent solution with ultrapure H,O. Preparation of 1, 2, 3, 4, 5,
and 10 mM “daughter” stock solutions of HCI1 in H,O was carried out by serial dilutions of the
secondary solution in volumetric flasks. These solutions were used for the initial protonation
studies in HCI.

For the ionic strength studies, a parent stock solution of sodium chloride was prepared by
weighing out an appropriate amount of NaCl on a five digit analytical balance to obtain 100 mL
of 0.1 M NacCl, quantitatively transferring the salt to a 100.00 mL class A volumetric flask, and
filling to the mark with ultrapure H,O. Constant ionic strength HCI stock solutions (I =5 mM)
were prepared by pipetting appropriate amounts of the secondary 0.1 M HCI solution into
volumetric flasks to make the final solutions 1 mM, 2 mM, 3 mM, and 4 mM HCI, then pipetting
appropriate amounts of NaCl into these solutions to make the ionic strength 5 mM overall. For
example, the 1 mM HCI solution contained 4 mM NaCl, the 2 mM HCI solution contained 3 mM
NaCl, and so on. Additionally, three extra solutions were made to study the effect of increasing
the ionic strength when the concentration of acid is held constant. To this end, solutions that

were 3 mM HCI with ionic strengths of 10 mM, 50 mM, and 100 mM were prepared by addition
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of appropriate amounts of 0.1 M NaCl solution. Note that the I =5 mM solutions had final ionic
strengths of 100 uM when diluted in their working solutions, and the | = 10, 50, and 100 mM
solutions had final ionic strengths of 200, 1000, and 2000 uM, respectively, when diluted in their
working solutions.

Initial studies of the dyes were carried out using HCI (prepared in H,0), but studies on
the effect of %H-0 in the solution indicated that the solvent composition has an effect on the
protonation characteristics. Accordingly, all other acid solutions were prepared directly in
acetonitrile; when the solutions were prepared in this manner the final working solutions
contained a maximum of less than 0.1% added H,O from the acid, thereby making this variable
negligible. A parent stock solution of 1 M acetic acid was prepared in acetonitrile using class A
volumetric pipettes, from which a secondary stock solution of 1 mM acetic acid in acetonitrile
was prepared by serial dilutions of the parent stock (1:100 and 1:10) into volumetric flasks using
class A volumetric pipettes. A 0.1 M parent stock solution of perchloric acid was prepared by
diluting 69.5% HCIO, in acetonitrile. Parent stock solutions of 0.1 M para-toluenesulfonic acid
and phenol were prepared by weighing out appropriate amounts of the solids on an analytical
balance, quantitatively transferring the solid to a class A 50.0 mL volumetric flask and filling to
the mark with ACN. A 1:100 dilution of each of the HCIO4, PTSA, and phenol parent solutions
using class A volumetric pipettes and volumetric flasks produced 1 mM daughter solutions in
acetonitrile.

For the molar absorptivity studies of the dyes, a parent stock solution of 1 M hydrochloric
acid was prepared by dilution of 12.3 M HCI in acetonitrile using class A volumetric pipettes A

secondary 0.1 M HCI solution was prepared by 1:10 dilution of this parent solution with
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acetonitrile. A tertiary 1 mM daughter stock solution of HCI in ACN was carried out by a 1:100
dilution of the secondary solution.

For the pKj, studies of the dyes, 1 L of a solution containing 50% EtOH and 50% H,0
(v/v) was prepared, and a 2 M solution of NaCl was prepared in triply deionized water. A1 M
perchloric acid solution was prepared by dilution of 69.5% HCIO,4 with the 50% EtOH/H,0
solution, with addition of 30.5% water from the 69.5% HCIO, solution accounted for by adding
an appropriate amount of additional EtOH to maintain a final solvent composition of 50%
EtOH/H,0. Secondary HCIO4 solutions with concentrations of 0.1 M, and 0.01 M were prepared
from the 1 M solution by dilution such that the final solvent compositions of each secondary
solution was also 50% EtOH in H20 (v/v). The ionic strength of the 0.01 M HCIO, solution was
adjusted to 0.1 M using the NaCl solution; the addition of excess water from the NaCl solution
was compensated for by adding an equal volume of ethanol to maintain a solvent composition of
50% EtOH/H,0. All solutions were prepared in volumetric flasks and promptly transferred to
airtight containers, which were purged with N, and sealed with parafilm after preparation and
after each use. Stock solutions of dyes B and E were prepared by weighing out the dye, adding
an appropriate amount of ethanol to make a stock solution that was at least 1 mM in

concentration, and sonicating to dissolve the solution.

B.1.2.3 Initial protonation studies in HCI (dyes B, C, and H)

Initial protonation studies were carried out to determine the effect of varying concentrations of
HCI, solvent composition (percent water), and ionic strength on the spectroscopic behavior of the
dyes. Solutions for the protonation studies of dyes using HCI were prepared by adding 0.100 mL

of one of the daughter acid stock solutions (1-5 mM) and 1.00 mL of a secondary (0.1 mM) dye
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solution to one of five 5 mL class A volumetric flasks, which were then filled to the mark with
ACN. The five resulting working solutions were 20 uM dye, 2% H,0, and 20, 40, 60, 80, and
100 uM HCI. In some cases a sixth working solution containing 200 uM HCI was prepared by
the same method as the others but using the 10 mM HCI daughter stock. Absorption spectra were
then collected and analyzed. These studies were carried out for dyes B, C, and H.

It was of interest to determine whether the changing ionic strength in the previously
described protonation studies had any effect on the protonation behavior, whether increasing the
ionic strength to higher concentrations affects this behavior, and also to determine how the
percentage of water affects this behavior. To this end, protonation studies identical to those
described in the previous paragraph were carried out using HCI solutions of varying
concentrations at constant ionic strength. These constant ionic strength protonation studies were
compared to protonation studies of the dyes with varying concentrations of HCI (with no
correction for ionic strengths) to ensure that the observed spectral behavior was due to the
changing concentration of acid alone. Additionally, protonation studies were carried out to test
the effect of increasing the ionic strength when the concentration of acid is held constant by
making working solutions in a manner identical to that described in the previous paragraph using
the HCI stock solutions that were 3 mM HCl and | = 5 mM, 10 mM, 50 mM, and 100 mM.
Finally, studies of the effect of percent water on the spectral characteristics of the protonated
dyes were carried out. Working solutions were prepared by pipetting 0.1 mL of the 3 mM HCI
and 0, 0.1, or 0.3 mL ultrapure H,O into each 5 mL volumetric flask, along with 1 mL of 0.1 mM
secondary dye stock solution, resulting in solutions that contained 2%, 4%, or 8% H,0 (by

volume), respectively. Constant and varied ionic strength studies and studies of the effect of
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percent water were carried out for dyes B and C, and the results were assumed to be

representative of all of the dyes.

B.1.2.4 Protonation studies using acetic acid, phenol, PTSA, and HCIO,

The weak acids phenol and acetic acid and the strong acids PTSA and HCIO,4 were considered as
possible protonating agents for the dyes. Solutions for the protonation studies of dyes using these
other acids were prepared by adding 0.100 — 0.500 mL of the 1 mM acid stock solutions
(prepared in acetonitrile) and 1.00 mL of a secondary (0.1 mM) dye solution to one of five 5 mL
class A volumetric flasks, which were then filled to the mark with ACN. The five resulting
working solutions were essentially anhydrous (<0.1% H,0), containing 20 1M dye and 20, 40,
60, 80, or 100 uM acid. In some cases a sixth working solution containing 200 uM acid was
prepared by the same method as the others by pipetting 1.000 mL of the 1 mM acid stock
solution into the working solution. Protonation studies using phenol and acetic acid were carried
out for dye C but were not pursued beyond this as no protonation occurred. Protonation studies
using PTSA were carried out for dyes C and H, and protonation studies using HCIO4 were
carried out for all of the dyes. Perchloric acid was ultimately chosen as the best acid for these
studies as it is the only one of these acids known to be fully dissociated in acetonitrile;** hence
the cessation of protonation studies using PTSA after testing two dyes despite the fact that

protonation by this acid was observed.

B.1.2.5 Method of determining molar absorptivities
The absorption spectra of working solutions of varying dye concentrations were measured, and

the absorbance at the wavelength of maximum absorbance (Avax’") was determined. The
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absorption (A) of each sample at Amax’> were plotted as a function of concentration (C), the
linear regression equation was computed, and the molar absorptivity (€) was taken as the slope,

as per Beer’s law,

A=¢hC

where b is the pathlength of the cell (1.000 cm). Absorptivities were determined in duplicate and
averages and percent relative standard deviations were calculated. Molar absorptivities for the
basic forms of the dyes were determined in acetonitrile. Absorptivities for the protonated forms
of most of the dyes were determined by adding a constant amount of hydrochloric acid in
acetonitrile (<0.1% H-0) to the dye solutions and taking the absorption at the bathochromic peak
Amax (Where present) thought to correspond to the singly protonated form of the dye.
Preliminary protonation studies in which HCI concentration was varied and dye concentration
was held constant were carried out; the concentration of HCI resulting in the greatest observed
bathochromic peak absorptivity was chosen as the concentration used to determine the
protonated form molar absorptivity. However, for dye F (terpyridine dye with 4’ diethylamino
substituent) the concentration of HCI was varied with the dye concentration to maintain the
singly protonated form, as this dye showed a stronger dependence of extent of protonation on
acid concentration than the others. Additionally, molar absorptivities of the protonated and basic
forms of terpyridine dyes | and J could not be determined as these dyes exhibited aggregation
behavior that strongly changed the absorptivities over time.

Although perchloric acid was found to be ideal for the protonation studies, unfortunately

it could not be used in the molar absorptivity studies. As HCIO, is a strong acid even in
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acetonitrile, when dye concentrations were decreased while the concentration of HCIO4 was held
constant, the extent of protonation of almost all of the dyes changed significantly as the
equilibrium shifted, as per Le Chatelier’s principle. When a weaker acid such as HC1 was used,
this shift in equilibrium was far less apparent and stable absorptivities (for all dyes except F)

were obtained even without changing the acid concentration relative to the dye concentration.

B.1.2.6 Aggregation studies of dyes F, I, and J

Attempts at determining molar absorptivities of terpyridine dyes | and J resulted in nonlinear
results, and additionally, measuring the absorption of a single solution of dye I over time yielded
massively different absorption values. This strange behavior prompted time-dependent
aggregation studies of terpyridine dyes I and J, in which the absorption of single solutions of the
singly protonated and non-protonated forms of each dye were measured multiple times over the
course of an hour. An analogous aggregation study was carried out for terpyridine dye F as a
control. For dye F, absorption was determined at two different wavelengths and plotted as a
function of time. Additionally, the ratio of absorbances at the two wavelengths was plotted as a
function of time. No other dyes were studied as the unstable absorption behavior observed in

dyes I and J was not observed in other dyes.

B.1.2.7 Standardization of HCIO,4 solutions for pK, determination

Perchloric acid solutions were standardized indirectly by a 1:100 dilution of the 1 M HCIO,
solution in 50% EtOH /50% H,0 with deionized water to a total volume of 200 mL (such that
the final percentage of ethanol was 0.5%); this dilution in water was carried out to ensure that the

apparent endpoint of the titration was not perturbed by the high organic solvent content present
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in the parent solution. This 0.01 M HCIO4 solution was used to titrate triplicate samples of
THAM weighing between 0.02 and 0.03 g (weighed out to four significant figures on a five
decimal place analytical balance). The THAM samples were dissolved fully in 20-30 mL triply
deionized water prior to titration. Bromocresol green was used as an indicator, and the titration
was carried out until the green endpoint was reached. The average molarity of this secondary
solution was then calculated and used to calculate the molarities of the three perchloric acid

solutions prepared in 50% EtOH / 50% H0.

B.1.2.8 Spectroscopic pK, determination

Solutions for UV-visible spectroscopic pK, determination were prepared by making up a solution
that contained 20 uM dye and increasing concentrations of HCIO,4 (by adding either 0.01 M, 0.1
M, or 1 M HCIQO,) to vary the pH. lonic strengths of each sample were adjusted to 0.1 M using 2
M NacCl, and appropriate volumes of EtOH and deionized H,O were added such that the final
solvent composition was 50% EtOH/H,0. Samples were prepared to a final volume of 5 mL ina
10 mL test tube.

Each solution was thoroughly mixed and then part of the solution was transferred into a
cuvette for measurement of the absorption spectrum. A pH electrode (calibrated by a 3-point
calibration and equilibrated for at least 3 minutes in a solvent composition containing 50%
EtOH/H,O mixture) was inserted into the remaining solution and the pH was measured at the
same time as the absorption spectrum.

UV-visible absorption spectroscopy can be used to determine the psK, values of these

compounds by preparing solutions of varying pH in a medium of constant solvent composition,
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dye concentration, and ionic strength, and measuring the absorption at the red-shifted wavelength
corresponding to HB*. As the absorption at this wavelength is zero when no acid is present (all
dye is in the basic form) and goes to zero when sufficiently high concentrations of acid are
present (all dye is in the form H,B%*), any absorption at this wavelength (A;. 1g+) is proportional

to the concentration of HB* (Cyg+) as per Beer’s law.

Ay e+ = ebChps+

Since the two spectroscopic equilibria are clearly distinguished by two distinct sets of isosbestic
points, it can be assumed that the two psK, values are at least two units apart, and therefore it can
be assumed that when A, ng+ reaches a maximum, essentially all of the dye present is in the
singly protonated form (HB™); in other words, the concentration of HB™ is equal to the formall

concentration F of the dye:

F =[B]o = [B] + [HB*] + [H2B?'] = [HB"] when A;_ g+ isat a maximum

By definition, when pH = psKa1, [H2B?"] = [HB*] and because the psKa1 values are at least two

units apart, [B] = 0. Accordingly, when pH = psKa;, half of the dye present is in the singly

protonated form.

F = [B]o = [B] + [HB"] + [H,B*] = 2[HB];

[HB]=%F  (when pH = psKa)
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Because absorption is linearly proportional to concentration, and the absorption at A g+ is zero
when all B is converted to H,B%*, when pH = psKas, the absorption of the red shifted peak is half

the maximum absorption at this wavelength.

Ay e+ = Y2 Ay 1B+ MAX (when pH = psKa1)

The same relationship holds when pH = pKg; by definition, at pH = pKa,, [B] = [HB'] and
because the psKa values are at least two units apart, [H2B?*] = 0, so at this pH, [HB*] = % F.
Because absorption is linearly proportional to concentration, and the absorption at A g+ IS zero
when the dye is in its deprotonated form B, when pH = psKa, the absorption of the red shifted

peak is half the maximum absorption at this wavelength.

Ay e+ = Y2 Ay, 1B+ MAX (when pH = psKa2)

Accordingly, both psK; values were determined by plotting absorption at A yg+ as a function of
pH, which resulted in a Gaussian shaped curve, determining A, 1s+ max, and solving for pH for
A nB+ = %2 Ay 1B+ max from the function defining the linear side regions of the curve both at pH
lower than the pH corresponding to Ay, He+ max (to determine psKa1) and at pH higher than the
pH corresponding to Ay, He+ max (to determine psKa).

The acid dissociation constants determined in the solvent water mixture (psKa) were then
used to calculate the aqueous acid dissociation constants (pK,) by assuming that the slope of psKa

versus percent EtOH is 0.03665 and extrapolating to zero percent EtOH. The effect of ionic
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strength on the aqueous pK, was accounted for by subtracting 0.04 from the calculated aqueous

pK, (as | = 0.100 M in these experiments).*®

B.1.3 Results and discussion

B.1.3.1 Protonation studies in HCI (dyes B, C, and H)

Protonation studies of dyes B, C and H were carried out using HCI. As mentioned previously,

HCI stock solutions were prepared in ultrapure water, accordingly the working solutions were

2% H,0. Absorption spectra from the protonation studies of dyes B, C, and H are provided in

Figures B.1.3, B.1.4, and B.1.5, respectively.
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Figure B.1.3. Protonation study of B in HCI (20-200 uM)
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Figure B.1.5. Protonation study of H in HCI (20-100 pM)



For these dyes, the spectroscopic behavior discussed in B.1.1.1 is readily apparent. As the
concentration of acid is increased, a red-shifted peak appears in the spectrum, indicating the
presence of the singly protonated form of the dye (HB™). This peak reaches a maximum, then
begins to decrease as acid concentrations are further increased, indicating the second protonation
equilibrium (the formation of H,B?"). At concentrations of HCI corresponding to the greatest
observed absorptivity of the bathochromic peak, the absorption peak in the wavelength region
near the Amax Of the base form disappears for dye H, but not for dyes B and C. Under these
conditions, dyes B and C possess absorption peaks in this region that are slightly blue shifted and
of lower intensity relative to those observed in the absence of added acid. This spectral feature
was later observed in the protonation studies of all of the aryl-substituted dyes (A, B, C, D, E and
G) with HCIO,4, and was only absent in alkyl-substituted dye H, accordingly this second peak in
the absorption spectrum is likely a result of the aryl D; and D, substitution.

Protonation studies to elucidate the effects of ionic strength and percent water were also
carried out for dyes B and C protonated with HCI. The results of the protonation study carried
out for dye B at constant ionic strength I = 100 uM are provided in Figure B.1.6. Comparison of
the spectra for concentrations of HCI ranging between 20 — 100 uM when the ionic strength is
not corrected for (Figure B.1.3) versus when the ionic strength is held constant (Figure B.1.6)
indicates no appreciable difference in the extent of protonation and relative peak heights. The

same behavior was observed for dye C (spectra not shown).
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Figure B.1.6. Protonation study of B in HCI (20-100 puM) when the ionic strength is held
constant at 100 uM

Provided in Figure B.1.7 are the results of the ionic strength study of dye B carried out when |
was varied from 100 — 2000 uM (0.01 — 0.2 M) while [HCI] was held constant at 60 uM and [B]
was held constant at 20 uM. When the ionic strength is increased substantially beyond 100 uM,
it appears that the protonation equilibrium is perturbed slightly, as evidenced by the apparent
decrease in the absorption of the red-shifted peak corresponding to the singly protonated form
(HB™) and a change in the relative peak heights. Accordingly, adjustment for ionic strength is

necessary in the protonation studies only when higher concentrations of acid are used.
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Figure B.1.7. Effect of increasing ionic strength from 100 — 2000 uM when concentrations of

dye B and HCI are held constant

Provided in Figure B.1.8 are the results of the protonation study of dye B when [HCI] (and I)

were held constant at 60 UM while the percentage of water was increased from 2 — 8%.

Increasing the percentage of water also appears to perturb the equilibrium, as evidenced by

similar spectral changes. Accordingly, even small changes in the solvent-water ratio must be

accounted for when studying these dyes.
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Figure B.1.8. Effect of increasing percentage of water in solvent-water mixture from 2%-8%
when concentrations of dye B and HCI are held constant

B.1.3.2 Protonation studies using acetic acid, phenol, PTSA, and HCIO,

“Proton sharing” or complexation studies were carried out for dye C using phenol. It was
expected that phenol would form hydrogen bonded complexes with the dyes, as the phenol
and pyridine moieties of polymers bearing phenol and pyridine substituents are known to
selectively form hydrogen bonds (in which the hydroxyl proton is shared) in solvents of
sufficiently low polarity.***® Such an interaction would be expected to result in a
pronounced change in the UV-visible absorption spectrum,*®*" however, no spectral
evidence of hydrogen-bonding interactions between the phenol and pyridine group was
observed, even when extremely high concentrations of phenol were used. The weak acid
acetic acid was also tested in a protonation study of dye C, but like phenol, no color change

or spectral shift was observed. Larger amounts of acid were added to the working solutions,
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and working solutions were even prepared directly in the stock solutions of phenol and
acetic acid, but still no evidence of protonation or hydrogen bonding was observed. The
strong acid PTSA was also considered as a potential protonating agent for the dyes.
Protonation studies using PTSA were carried out successfully for dyes C and H, as indicated
by the previously discussed spectral changes associated with protonation. A representative
protonation study of dye H using PTSA is provided in Figure B.1.9 However, protonation

studies using PTSA were abandoned in favor of the stronger acid HCIO;,.
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Figure B.1.9. Protonation study of dye H in PTSA (20-100 puM)
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As discussed in B.1.1.2, acetonitrile has both a lower dielectric constant and lower donor
number than water, therefore bases become significantly stronger and acids become significantly
weaker in acetonitrile (i.e. an increase in pK; is observed).® In acetonitrile, the weak acids
phenol and acetic acid have pK, values of 29 and 23.5, respectively, thus no dissociation is
expected to occur, and even the strong acids HCI and PTSA have pK; values of 8.9 and 8.45,
respectively; thus neither of these acids are completely dissociated.* However, perchloric acid is
fully dissociated even in acetonitrile.®* Thus the use of HCIO, ensures that the acid is fully
dissociated and allows for estimation of solution pH (as it cannot be directly measured in
acetonitrile using conventional electrodes) by ignoring the activity coefficient of the hydrogen
ion and assuming that the pH is given solely by the concentration of hydrogen ion in solution; in
other words, by assuming that the solution pH = pcH.

Protonation studies were carried out for all of the dyes in HCIO4. Concentrations of acids
used ranged from 20 — 200 uM, with corresponding pcH values of 4.7 (20 uM), 4.4 (40 uM), 4.2
(60 uM), 4.1 (80 uM), 4.0 (100 uM), and 3.7 (200 uM). One of the first protonation studies was

carried out for dye H, the results of which are presented in Figure B.1.10.
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Figure B.1.10. Protonation of H using HCIO,4 (20 — 200 pM) including base form peak Ht (in
absence of acid)

The protonation study of dye H using HCIO, clearly indicated spectral characteristics of
both protonation equilibria. As the concentration of acid increased from 0 — 40 uM, the peak at
326 nm corresponding to the base form decreased almost to zero, while the bathochromic peak
corresponding to the singly protonated form of the dye increased to a maximum absorption of
approximately 1. When the acid concentration is further increased beyond the concentration
required for maximum bathochromic peak absorption (60 — 200 uM), the bathochromic peak
disappears fully, and a third peak with a hypsochromic shift relative to the base form peak
appears, presumably corresponding to the doubly protonated form of the dye. When the study
was carried out, the full disappearance of the bathochromic peak in the spectra had not been
previously observed in our lab, and thus it was deemed necessary to ensure that the observed

behavior was not a result of dye breakdown by the highly oxidizing perchloric acid.
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To ensure the full disappearance of the bathochromic peak was not a result of dye
decomposition, one additional study was carried out in which two samples were prepared. One
sample was prepared that was 20 UM dye and 200 uM HCIQ4, and a second sample was
prepared in an identical fashion, except to this sample 160 uM NaOH (from a 1 mM solution
prepared in deionized water) was added several minutes after the addition of acid but prior to
diluting the solution to the mark. Both samples contained equal concentrations of dyes and acid,

but the addition of base to the second sample resulted in an “effective” acid concentration of 40

M. The results are shown in Figure B.1.11.
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Figure B.1.11. The observed disappearance of the bathochromic protonation peak and

appearance of the hypsochromic peak in Figure B.1.10 is reversible and not due to oxidation

For the first sample, the absorption behavior was the same as that observed in Figure B.1.10 (for

the 200 uM acid sample), and for the second sample, the red-shifted peak (associated with the
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singly protonated form of the dye) reappeared, along with the peak associated with the
nonprotonated form of the dye. The second spectrum was not identical to that observed for 40
UM HCIO, in acetonitrile, but this is to be expected because this sample contains NaOH and
water in addition to the aforementioned species, and as found from previous studies both the
increased ionic strength due to the NaOH and the presence of water have an influence on the
extent of protonation observed for these compounds. The more important observation is that the
disappearance of the bathochromic peak is reversible, and therefore not due to dye oxidation. It
also reinforces the assumption that the presence of the bathochromic peak is solely indicative of
the singly protonated form (HB™), as the absorption in that region is zero both in the absence of
acid and in the presence of adequately high concentrations of acid. This assumption is central to
the method chosen to calculate the pK, values of these dyes.

Protonation studies were carried out for all of the dyes using HCIO4. As two distinct
equilibria are present in protonation spectra, the spectra from each of the studies except that of F
were split into two groupings to simplify interpretation. The subsets of spectra belonging to
group (1) correspond to the first protonation equilibrium, and include spectra of the base form of
the dye and of the dye in the presence of increasing concentrations of HCIO4, up to the maximum
observed absorptivity for the red-shifted peak (typically 40 — 60 uM HCIQO,), at which point the
concentration of the singly protonated form is thought to be at a maximum. The subsets of
spectra belonging to group (I1) correspond to the second protonation equilibrium, and include
spectra obtained by increasing the concentration of acid past that corresponding to the maximum
observed absorptivity of the red-shifted peak. Spectra from the protonation study of terpyridine
dye F were split into three groupings to showcase its unique spectral behavior. As similar

protonation behavior occurs in all of the non-terpyridine dyes, groups of peaks will be
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distinguished by the conventions o [for the base form peak(s)], B [for the bathochromic peak that
appears upon addition of smaller amounts of acid], y [for the hypsochromic peak that appears
upon addition of larger amounts of acid], and & [for the peaks unaffected by concentration of
acid added present in the spectra of the phenyl-substituted dyes at similar wavelengths to the o
band].

Absorption spectra from the protonation study of dye B using HCIO,4 are provided in
Figure B.1.12 below. The protonation behavior exhibited by dye B is representative of the

behavior exhibited by all of the aryl-substituted dyes with diethylaniline D3 substituents (dyes A,

B, C, D, E, and G).
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Figure B.1.12. Protonation study of B using HCIO4, with labeled o, B, %, and & bands.
Bt = base form absorption of B (no added acid). (1): 0 — 40 pM H*, (11): 60 — 100 uM H*

In group (I) spectra, upon adding increasing concentrations of acid, dye B shows a

decrease in the o band and an increase in the 3 band, as well as the appearance of the & band in

the same spectral region where the o band was previously present (but possessing a spectral shift

relative to the o band). This behavior is associated with a color change from colorless to yellow.
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In group (1) spectra, the B band decreases while the x band increases and the & band is
unaffected. This behavior is associated with a disappearance of the yellow color and the
bathochromic peak. The & band is not a relic of the o band, but can instead be attributed to the
phenyl substituents of the dyes A — E and G,* as it possesses a hypsochromic shift relative to the
o band. Additionally, the & band is not present in the spectrum of tert-butyl substituted dye H.

It is worth noting that most of the dyes possessing a diethylaniline D3 substituent display
greater absorptivity in the bathochromic 3 band relative to the base form o band when
protonated with perchloric acid; the only exceptions are dyes E and G. These two dyes are
expected to be the least basic, poorest nucleophiles of the dyes studied, as dye E possesses
electron-withdrawing para-chlorophenyl D; and D, substituents, and dye G possesses an ortho-
phenol group as its D1 substituent that is capable of intramolecular hydrogen bonding with the
pyridine nitrogen, as shown in Figure B.1.13. This correlation between electron-withdrawing
functionality and absorptivity of the bathochromic protonation peak will be explored further in

the conclusion.

Figure B.1.13. The chemical structure of dye G facilitates intramolecular H-bonding
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The terpyridine dyes (D; = D, = 2-pyridyl) showed distinctly different spectral behavior
from the phenyl- and alkyl-substituted dyes. Terpyridine dye F displayed particularly unique
spectral behavior (Figure B.1.14). In the group (l) spectra, upon addition of increasing amounts
of acid, the o band decreased while the 3 band increased to a maximum (corresponding to a
color change from yellow to red). However, when the acid concentration was increased further,
only a slight hypsochromic shift (19 nm) was observed for the transition from the {3 to the ¥
band, corresponding to a slight change in the shade of red observed, as shown in the group (1)
spectra. This behavior was unique among the aniline-substituted dyes studied; all other dyes
with this functionality displayed a pronounced hypsochromic shift (>100 nm) upon addition of
higher concentrations of acid. Further addition of acid beyond this point did not change the

spectral characteristics significantly, as evidenced in the group (I11) spectra.
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Figure B.1.14. Protonation study of F using HCIO,.
(1): 0 —40 uM H*, (11): 40 — 60 uM H*, (111): 60 — 100 uM H*
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When the diethylaniline D3 group of dye F is swapped for nonbasic ethoxyphenyl or
toluene residues (in dyes | and J), the spectral behavior is changed dramatically. In both dyes I
and J, the Amax in the absence of added acid (o band) is decreased by more than 100 nm, and the
red shift of the B-band is much smaller (~50 nm). Additionally, the  band demonstrates low
absorptivity and is poorly resolved from the band at Amax (Which does not change as the pH is
changed). Upon addition of higher concentrations of acid, the red-shifted peak blends into the
Amax band as a broad shoulder. Representative spectra from the protonation study of
ethoxyphenyl-substituted terpyridine dye I are provided in Figure B.1.15 for comparison with
that of dye F (Figure B.1.14). Toluene-substituted terpyridine dye J exhibited analogous behavior

to that of dye I.
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Figure B.1.15. Protonation study of I using HCIO,.

(1): 0—60 pM H*, (11): 60 — 100 pM H*

B.1.3.3 Aggregation studies of dyes F, I, and J
Attempts at determining the molar absorptivities of terpyridine dyes | and J failed, as the
absorption as a function of concentration was extremely nonlinear. Additionally, it was observed

that the absorption of a single solution could vary significantly over time. This observation
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prompted a series of studies in which the spectra of both the protonated and nonprotonated forms

of dyes I and J were measured over the course of an hour to see whether this behavior occurred
for all forms of these dyes. The results of the absorption versus time studies for the non-
protonated and protonated forms of dye I are provided in Figures B.1.16 and B.1.17,
respectively; the results for the non-protonated and protonated forms of dye J are provided in
Figures B.1.18 and B.1.19, respectively. It is clear from these spectral overlays that the
absorption of both forms of both dyes is not stable over time. The observed spectral changes
followed no discernible pattern; the absorption increased and decreased seemingly randomly
over time. Moreover, the relative peak heights and peak shapes appear to change over time,
indicating a likelihood that this instability is due primarily to aggregation rather than solubility
issues, (which would be expected to result in an increase or decrease in the entire absorption

spectrum without changing the peak shapes or relative peak heights).
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Figure B.1.16. Absorption of base form of dye I over the course of 1 hour
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Figure B.1.17. Absorption of protonated dye I over the course of 1 hour
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Figure B.1.18. Absorption of base form of dye J over the course of 1 hour
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Figure B.1.19. Absorption of protonated dye J over the course of 1 hour

In contrast, both the non-protonated and protonated forms of dye F (also a terpyridine
dye) show a very stable absorption over time, as illustrated by the spectra provided in Figures
B.1.20 and B.1.21. The absorption of the non-protonated and protonated forms of the dyes at two
wavelengths and the ratio of the absorptions at these wavelengths was also plotted as a function
of time to further illustrate the time-dependence of the absorption and the relative peak heights.
These plots are provided in Figures B.1.22 and B.1.23 for the non-protonated and protonated
forms of the dyes, respectively. It is apparent from Figure B.1.22 that the absorption of the base
form of dye F is more or less constant over the course of the hour (as evidenced by roughly
linear behavior with no upward or downward trend in slope. For dye F in the presence of HCI,
(Figure B.1.23) there was a slight reversion of the protonated form back to the non-protonated
form over the course of an hour (the 3 peak at 526 nm decreases slightly in amplitude and the o

peak at 402 nm increases slightly in amplitude), perhaps due to a slow establishment of
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equilibrium. This slight change is still in stark contrast to the data for dyes I and J, for which

there is no linearity or apparent trend in absorption.
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Figure B.1.20. Absorption of base form of dye F over the course of 1 hour
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Figure B.1.21. Absorption of protonated dye F over the course of 1 hour
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Figure B.1.22. Comparison of absorption of base form of dye F at two wavelengths (420 and
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Figure B.1.23. Comparison of absorption of protonated dye F (20 uM HCI) at two wavelengths

(526 and 402 nm) over time, and ratio of absorption values at 526 and 402 nm over time
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B.1.3.4 Molar absorptivities of 2,4,6-trisubstituted pyridines

Molar absorptivities were computed from the slope of the linear regression plots of absorption
versus concentration as per Beer’s law. As mentioned previously, absorptivities for the
protonated forms of the dyes (except F) were determined by adding a constant concentration of
HCI (in ACN, <0.1% H,0) to all of the dye solutions and taking the absorption at the
bathochromic peak Amax corresponding to the singly protonated form of the dye. Concentrations
of HCI corresponding to the maximum bathochromic peak absorptivity were determined by
protonation studies using HCI in ACN prior to the first determination of absorptivity. Average
molar absorptivities of the protonated and non-protonated forms of the dyes are provided in

Table B.1.3, along with percent relative standard deviations.

Table B.1.3. Molar absorptivities of protonated and non-protonated 2,4,6-trisubstituted
pyridines. Molar absorptivities of protonated form given for bathochromic peak in [HCI]
associated with maximum extent of bathochromic absorptivity observed

. Singly Protonated Form in HCI/ACN
Substituent Base Form (<0.1% H,0)
Dye A A
D, D, D, Amax Vg_E(KM_Ax) %RSD | ax Vg_g(}‘M_AX) wrsp  LHCN
(hm)  M*tem?) (hm)  M*tem?) (UM)

A Ph Ph N,N-DEA 347 2.48E+04 0.62 450 2.2E+04 591 41.03
B | p-Toluene p-Toluene N ,N-DEA | 344 3.48E+04 2.62 448 4.06E+04 0.43 41.03
C B-Np B-Np N,N-DEA | 349 3.54E+04 0.55 456 2.561E+04 0.21 51.29
D Ph p-MeoPh  N,N-DEA 343 3.58E+04 1.96 448 3.77E+04 2.02 51.29
E p -CIPh p -CIPh N,N-DEA 352 2.7E+04 6.45 456 8.7E+03 4.69 51.29
F 2-Pyridyl  2-Pyridyl N,N-DEA | 416 2.97E+04 212 524 3.4E+04 5.93 Varied*
G 0 -Phenol Phenyl N ,N-DEA 359 3.39E+04 0.77 447 5.77E+03 2.61 41.03
H tert-Butyl tert-Butyl N ,N-DEA 326 3.0E+04 6.44 425 4.12E+04 1.22 30.77
| 2-Pyridyl  2-Pyridyl p -EtOPh 290 N/A N/A 338 N/A N/A N/A
J | 2-Pyridyl  2-Pyridyl p-Toluene | 287 N/A N/A 323 N/A N/A NIA  [x\/

aried from 35 - 17 uM as dye concentration varied from 30 - 10 uM
Abbreviations: Ph = phenyl, B-Np = B-naphthalene, p-MeOPh = p-methoxyphenyl,
p-CIPh = p- chlorophenyl, N,N-DEA = p-N,N-diethylaniline, p-EtOPh = p-ethoxyphenyl
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The percent relative standard deviations of the molar absorptivities indicated reasonably
good reproducibility of the calculated values, with the highest %RSD corresponding the base
form of dye E (6.45%). Additionally, correlation coefficients indicated reasonably good linearity,
with the poorest R? value (0.995) corresponding to the protonated form of dye F. Improvement
of this value is unlikely, as obtaining even a somewhat linear absorption versus concentration
plot for this dye’s protonated form proved quite challenging.

The base forms of these compounds had wavelengths of maximum absorption ranging
from 287 — 416 nm, depending on substitution. Dyes with para-N,N-diethylaniline substituents at
the 4-position of the pyridine ring and phenyl-based D; and D, groups (dyes A, B, C, D, E, G)
had a comparatively narrow range of Avax between 343 and 359, despite variation of the phenyl
substitution. Dye H, which possesses tert-butyl D; and D, groups in place of the aryl groups
possessed by all the other dyes studied, exhibits a Amax 0f 326 nm, blue-shifted relative to those
of dyes A-E and G. This is to be expected given that alkyl D; and D, substituents of H cannot
contribute to energy-lowering conjugation, while aryl D; and D, substituents can. Terpyridine
dye F (D1 = D, = 2-pyridyl) possesses the same N,N-diethylaniline D3 substituent as dyes A-E,
G, and H, but exhibits a considerably red-shifted Amax 0f 416 nm. Terpyridine dyes | and J (D; =
D, = 2-pyridyl) possess p-ethoxyphenyl and p-toluene D3 substituents, respectively, and
demonstrate strongly blue-shifted Amax values (290 nm for | and 287 nm for J) relative to the
terpyridine dye F and the other dyes studied, which possessed N,N-diethylaniline D3 substituents.

The singly protonated forms of all dyes possessing N,N-diethylaniline D3 substituents are
characterized by the appearance of a peak with a red shift of approximately 100 nm upon
addition of acid, with a marked corresponding color change (from colorless to yellow for dyes A,

B, C, D, E, G, and H, and from yellow to magenta for dye F. This shift has been attributed to
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delocalization of the positive charge and increased conjugation within the  system of the
molecule upon protonation.”®

Upon addition of acid to dyes | and J, the spectra show a 3 peak with a significantly
shorter red shift (48 nm and 36 nm, respectively) and a low absorptivity of the red shifted peak.
Additionally the Amax does not display a significant spectral shift away from that of the base
form, instead exhibiting an increase in absorptivity. Pyridine is known to display an absorption
band at 270 nm due to the © = ©n* excitation, and upon protonation, the intensity of absorption of

this band increases without any appreciable spectral shift.™ The Amax Of this absorption band

coincides closely with the unchanging overall Auax of dyes | and J (around 260-270 nm) as well
as the y band of dyes A — H. The unchanging Amax values of dyes | and J that demonstrate
increased absorptivity upon protonation therefore most likely correspond to the pyridine 1 > w*
excitation, thus the spectral behavior of these compounds are straightforwardly attributable to
pyridine protonation, as expected given the lack of other basic groups present in these dyes. For
dyes A — H, the increased absorptivity around 270 nm as acid concentrations are increased in the
second equlibrium is also most likely attributable to pyridine protonation and the localization of
charge associated with protonation of the second site.

The marked difference in spectral behavior between the diethylaniline substituted dyes
and the ethoxyphenyl and toluene substituted dyes | and J prompted the NMR studies in chapter
B.2. The strongly red-shifted peak related to formation of the singly protonated form of the dye
has been attributed to protonation of the pyridine moiety (which promotes delocalization of the
positive charge throughout the chromophore),?® however, if this were the case, it would be
expected that terpyridine dyes | and J would also exhibit a substantial red shift and a spectral

change similar to that observed for the other dyes. It would particularly be expected that dye |
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would exhibit a substantial red shift, as the ether oxygen of the ethoxyphenyl D3 substituent is
capable of donating lone pair electrons to promote charge delocalization much like the amino
nitrogen of a diethylaniline substituent.

Another interesting observation from these studies was that both the protonating acid and
the solvent choice strongly affects the absorptivity of the bathochromic peak correlated to the
singly protonated form of the dye. Although molar absorptivities for the bathochromic peak were
only calculated by linear regression analysis using HCI as the protonating acid and acetonitrile as
the solvent, absorptivities can be estimated from single point measurements of absorption spectra
using Beer’s law. A comparison of the maximum observed absorptivities of the bathochromic
peak calculated from linear regression using HCI in acetonitrile with those calculated from single
point measurements from the protonation studies of HCIO,4 in acetonitrile for the diethylaniline

substituted dyes is provided in Table B.1.4.

Table B.1.4. Comparison of observed maximum molar absorptivities of red-shifted peak for
different acids in acetonitrile

e(max) (M cm™) in

AMAX Acid/Solvent Combination:

Dye (nm) HCI/ACN  HCIO,/ACN
A 450 2.2E+04 2.4E+04
B 448 4.06E+04 4.1E+04
C 456 2.561E+04 4.1E+04
D 448 3.77E+04 4.7E+04
E 456 2.92E+03 1.7E+04
F 524 3.4E+04 3.7E+04
G 447 5.77E+03 1.3E+04
H 425 4.12E+04 5.1E+04

In acetonitrile, when HCIOy is used as the protonating acid, there is an increase in the observed
absorptivity of the red shifted peak corresponding to the singly protonated form for all of the

diethylamino substituted dyes relative to those absorptivities measured using HCI as the
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protonating acid. Additionally, molar absorptivities calculated from the protonation studies in
ACN using PTSA as the protonating acid were found to be greater than those when HCI was
used but less than those when HCIO,4 was used; calculated absorptivities using PTSA were
3.9%10* M™* cm™ for dye C and 4.4*10* M™ cm™ for dye H. The reason for this difference in
absorptivity is not entirely clear, although it may be an indication of the differential spectral
responses to varying anions (as discussed in B.1.1.1), or it may be an indication of the difference
in acid strengths, as of the acids studied in acetonitrile, HCI is the weakest, PTSA is slightly
stronger, and HCIOq is the strongest. However, the difference in acid strengths between PTSA
and HCI is not substantial in acetonitrile, so this second explanation seems somewhat less
plausible.

Solvent choices also substantially affected the absorptivities of the bathochromic peak
correlated to the singly protonated form of the dye. When acetonitrile was swapped for 50%
ethanol/water (v/v) in the pK, studies (section B.1.3.5) or DMSO in the correlated NMR-
absorption studies (section B.2.3.1), there was a marked decrease in the maximum absorptivity
of the bathochromic peak when compared to the absorptivity when the same protonating acid
was used in acetonitrile. In the pK; studies in 50% ethanol/water (v/v), HCIO, was used as the
protonating acid, and the maximum absorptivity of the bathochromic peak was calculated to be
1.2*10* Mt cm™ for dye B and 7.6*10% M™* cm™ for dye E; both absorptivities are substantially
lower than those calculated in acetonitrile using HC1O,4 (4.1*10* M™* cm™ for dye B and 1.7*10*
M™cm™ for dye E). In the correlated NMR-absorbance studies in DMSO, HCI was used as the
protonating acid, and the maximum absorptivity of the bathochromic peak was calculated to be
7.2*10° M cm™ for dye A, this absorptivitiy is substantially lower than that calculated in

acetonitrile using HCI (2.2*10* M™ cm™). The reasons for this are similarly unclear, and no
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concrete conclusions may be drawn, although at this point it can be generalized that the
absorptivity seems to decrease with increasing dielectric constant of the solvent or solvent
mixture. It is interesting to note that the base form peaks of the dyes around 320 — 360 nm for the
non-terpyridine dyes and at 416 nm for terpyridine dye F did not show any pronounced

dependence of absorptivity on solvent content.

B.1.3.5 Spectroscopic pK, determination

Molarities of HCIO4 solutions prepared in 50% EtOH/H,0O were determined by indirect triplicate
standardization of the 1 M HCIO, solution. Molarities of the solutions were found to be
1.005+0.002 M for the “1 M” solution, 0.1005+0.0002 M for the “0.1 M” solution, and
10.05+0.02 mM for the “0.01 M” solution (percent relative standard deviations of these values
were 0.21%). Note that these values do not take dilution error into account. lonic strengths were
equal to concentrations of HCIO, in the “1 M” and “0.1 M” solution, and the ionic strength of the
“0.01 M” solution was 0.100 M (adjusted using 2 M NaCl prepared in deionized H,0).

The spectral results of the pK, studies of dye B in 50% EtOH/H,0 are provided in Figure
B.1.24. For ease of interpretation, the spectra have been grouped into two plots, the first plot (1)
depicting spectra corresponding to the first equilibrium, and the second plot (11) depicting spectra
corresponding to the second equilibrium. In both spectra, arrows indicate the spectral changes

associated with decreasing pH.
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Figure B.1.24. Absorption spectra from pK, determination of dye B (20 uM) in 50% EtOH/H,0
(25°C, 1 =0.100 M except for pH < 1.00)

67



Both equilibria in both sets of spectra show clear isosbestic behavior, reinforcing the assumption

that the pKj values are at least two units apart and validating the approach to calculating pK, used

in this section. Furthermore, the absorption of the red-shifted peak at 449 nm goes from zero to a

maximum in the first equilibrium and decreases back to zero in the second equilibrium, further
validating the approach for calculating pK,. The absorption at 449 nm was plotted as a function

of pH; this plot is provided in Figure B.1.25.
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Figure B.1.25. Absorption of dye B (20 uM) at 449 nm as a function of pH from pK,

determination in 50% EtOH/H,0 (25°C, | =0.100 M except for pH < 1.00)
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As discussed in the experimental (section B.1.2.8.), the psKa; and psKaz values were determined
by by drawing the linear regression for the two linear regions on either side of the maximum
absorption at 449 nm (As49 max) and solving for pH when the absorption at 449 nm was half the
maximum observed absorption (%2 A4 max). The experimentally determined psKj values were
then used to calculate aqueous pK; values, which were corrected for ionic strength as outlined in
the experimental section.

The spectral results of the pK, studies of dye E in 50% EtOH/H,0 are provided in Figure
B.1.26. As with dye B, the spectra have been grouped into two plots, the first plot (I) depicting
spectra corresponding to the first equilibrium, and the second plot (11) depicting spectra
corresponding to the second equilibrium. In both spectra, arrows indicate the spectral changes

associated with decreasing pH.
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Figure B.1.26. Absorption spectra from pK; determination of dye E (20 uM) in 50% EtOH/H,0

(25°C, 1 =0.100 M except for pH < 1.00)
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Both equilibria in both sets of spectra show clear isosbestic behavior, reinforcing the assumption

that the pKj values are at least two units apart and validating the approach to calculating pK, used

in this section. As mentioned in section B.1.3.4, the molar absorptivity of the bathochromic peak

corresponding to the singly protonated form of dye E is substantially lower when the solvent is
changed from acetonitrile to the ethanol-water mixture, so much so that the instrumental error
inherent in the measured absorption of this peak is quite substantial. Accordingly, although the
bathochromic peak at 456 nm increases from zero to a maximum in the first equilibrium and
decreases back to zero in the second equilibrium, the plot of absorption as a function of pH at
456 nm (provided in Figure B.1.27) is extremely noisy and cannot be interpreted with any real

certainty.
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Figure B.1.27. Absorption of dye E (20 uM) at 456 nm as a function of pH from pK,
determination in 50% EtOH/H,0 (25°C, |1 =0.100 M except for pH < 1.00)

71



Fortunately, the absorption behavior of a different peak can also be used to calculate the psK,
values, provided that it exhibits different absorption behaviors in the two equilibria. It was
observed in Figure B.1.26 that absorption at 360 nm decreases to zero in the first equilibria, then
increases in the second equilibrium. Accordingly, psK, values were calculated using the
absorption at 360 nm (Asgo) following the same logic as described in section B.1.2.8 (except that
when [HB'] is at a maximum, Asg is at a minimum and Asg When [B] is at a maximum is not
equal to Agso When [HoB?*] is at a maximum). Specifically, psKas is found by solving for pH
when Asgo = %2 Aseo max (at lower pH), and psKa is found by solving for pH when

Asso = Y2 Aseo max (at higher pH). Absorption as a function of pH at 360 nm is provided in Figure

B.1.28.
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Figure B.1.28. Absorption of dye E (20 uM) at 360 nm as a function of pH from pK,
determination in 50% EtOH/H,0 (25°C, | = 0.100 M except for pH < 1.00)
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Provided in Table B.1.5 are the experimentally determined psK, values for the compounds
in 50% EtOH/H,0, calculated aqueous pK,’ values (for | = 0.1 M) and aqueous pK; values

corrected for ionic strength.

Table B.1.5. Calculated psK, values in 50% EtOH/H,0, aqueous pK;' values for 1 =0.1 M, and
aqueous pK; values corrected for ionic strength of diethylaniline substituted dyes correlated to
substitution at the 2 and 6 positions of pyridine (D1 & D)
Dye D; & D, PsKar PKai' PKar | PsKaz pKa' pKa
B p -Toluene 1.8 -0.013 -0.053| 4.6 2.8 2.8
E | p-Chlorophenyl | 13 -057 -061| 42 23 23

The data provided in Table B.1.5 indicates that, for 2,4,6-trisubstituted pyridine dyes possessing
N,N-diethylaniline substituents at the 4 position (D3), when electron donating substituents (such
as p-toluene) are interchanged for electron withdrawing substituents (such as p-chlorophenyl) at
the 2 and 6 positions of pyridine (D; & D), neither the pKa: nor the pKj; are decreased
substantially (the decrease for both in this case is approximately 0.4 - 0.5 units). This modulation
of pKa by changing substitution follows the expected pattern (as electron withdrawing
substituents are expected to make the dye less basic), but the observed change in pK, is not as

large as our group had initially expected.
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B.2. Determination of Site of First Protonation by NMR Spectroscopy

B.2.1 Introduction

B.2.1.1 Goal of this study

As discussed in chapter B.1, the absorption studies in acetonitrile of dyes possessing a N,N-
diethylaniline D3 substituent indicated the presence of two distinct equilibria associated with
protonation (as indicated by two sets of isosbestic points and two distinct types of spectral
changes). The first equilibrium was observed with addition of lower concentrations of acid and
associated with the singly protonated form of the dye. This equilibrium involved the appearance
of a red-shifted peak in the absorption spectrum and a visible color change (from colorless to
yellow or from yellow to red) of the dye solution. The second equilibrium was observed with the
addition of higher concentrations of acid and presumably related to the doubly protonated form
of the dye. This equilibrium was associated with the reduction of the red-shifted absorption peak
and the increase of a blue-shifted absorption peak, as well as a visible color change
(disappearance of yellow color or change in hue of red).

Those dyes possessing nonbasic p-toluene and p-ethoxyphenyl D3 substituents exhibited
distinctly different spectral behavior than those possessing p-N,N-diethylaniline D3 substituents
and did not demonstrate any visible color change upon protonation. Accordingly, it was of
interest to determine whether the large bathochromic shift exhibited in the first equilibrium by
dyes possessing a diethylaniline D3 substituent was possibly due to protonation of the basic
diethylamino substituent or simply a result of pyridine protonation (with the auxochromic

properties of the amino nitrogen being responsible for the bathochromic shift).
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The bathochromic shift observed in the first equilibrium is thought to be attributable to
delocalization of the positive charge and increased conjugation within the  system of the
molecule upon protonation. This delocalization is only possible if the first protonation occurs at
the pyridine nitrogen. However, since a strong red shift (~100 nm) only occurs for those dyes
possessing a basic diethylaniline D3 substituent, it is important to determine with certainty that
the first protonation actually occurs at the pyridine substituent in order to verify that the red shift
is due to widespread charge delocalization from pyridine protonation rather than protonation of
the other basic substituent (diethylamino group).

To determine this information, proton NMR studies were carried out on solutions
containing dye A and HCI that demonstrate absorption characteristics corresponding to the first
equilibrium in order to determine which basic site is protonated first. Dye A was chosen as
representative of the diethylaniline substituted dyes because a large sample was available for
study, and its simple phenyl D; and D, substitution (Figure B.2.1) simplify the interpretation of
NMR spectra and makes it structurally representative of most of the dyes studied in chapter B.1.
Deuterated dimethylsulfoxide (DMSO-d6) was chosen as the NMR solvent for these studies as it
was already available within our lab and was a suitable solvent for these dyes, however,
important differences between this solvent and acetonitrile were observed, which will be

discussed in greater detail with respect to the results obtained.
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Figure B.2.1. Structure of Dye A

B.2.1.2 NMR spectroscopy: basic principles and optimization of parameters

Nuclear magnetic resonance spectroscopy is an invaluable instrumental technique for analytical
applications and may be used to determine structural information about compounds, as the
chemical shift of a particular nucleus provides information about functional groups and the
electron density of the environment surrounding a particular nucleus.®® NMR makes use of the
properties of magnetic nuclei to determine quantitative and qualitative information about
compounds. Stable isotopes of elements containing an odd number of protons and/or neutrons
have a nonzero nuclear spin and therefore an intrinsic magnetic moment, and are accordingly
responsive to an applied magnetic field, absorbing and reemitting energy at a specific frequency.
The resonant frequency for a given magnetic nucleus is proportional to the magnetic field
strength, as is the intensity of the signal. For a given magnetic field strength, each nucleus
absorbs at a frequency characteristic to the isotope, known as the Larmor frequency. Although
NMR may be applied to any magnetic nucleus, the most common forms currently in use are

carbon-13 (*C) NMR and proton (*H) NMR.>!
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When a sample comes into contact with the magnetic field (along the “z” axis) in the

probe, the spin of a dipolar (I =%2) nucleus splits into two distinct energy levels. The lower

energy level n, is associated with a “+z” spin oriented parallel to the magnetic field, and the

higher energy level ng is associated with a “-z” spin oriented antiparallel to the magnetic field.

The energy difference AE between the two levels is a function of the magnetic field strength Bg

as well as the gyromagnetic ratio y of the nucleus, as per the equation®?

AE=hyBo/2n

where h is Planck’s constant. The populations of the two energy levels are governed by the
Boltzmann distribution, and the net magnetization of the sample (population excess) is always
along the lower energy “+z” axis. The amount of time it takes to establish the equilibrium
Boltzmann distribution is a factor of the spin-lattice relaxation time T, which in turn depends on
the nucleus, the temperature, and state of matter of the sample. The spin-lattice relaxation time
also describes the time it takes for a proton perturbed by a RF pulse to return to its original
orientation in the magnetic field (along the “+z” axis). For a sample with net magnetization along

the xy plane, the relationship between magnetization (M) and T; is given by

M=Mo(l—e YTy

where My is the equilibrium magnetization (along the z axis).>® According to this equation, after

one time constant Ty, the magnetization is recovered to approximately 63% of its equilibrium
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value. It is important to establish this distribution prior to acquiring the NMR spectrum, as well
as to reestablish it between RF pulse repetitions in order to obtain good data.

A simple one pulse NMR experiment consists of three distinct events: the delay, the
pulse, and the acquisition. The delay is employed to establish (and reestablish) the Boltzmann
distribution between energy levels discussed previously. Ideally, a delay (d;) of least 5T, should
be employed both prior to acquiring the spectrum and between pulse repetitions to ensure a
return to equilibrium (as this allows for a recovery of 99% of the original magnetization along
the z-axis). The pulse event involves the application of a short pulse of RF energy from the probe
coils at a perpendicular to the magnetic field. When the sample is pulsed with RF energy, the net
magnetization is perturbed from the z axis and rotates about its origin. The extent of perturbation
is dependent on both the pulse power (PL1) and length of time the pulse is turned on (P1). The
signal intensity depends on the distance from the xy axes (i.e. how much of the sample
magnetization vector lies in the xy plane), reaching a maximum when the magnetization vector
lies along the xy plane, i.e. at angles of 90° and 270° from the +z axis. The combinations of pulse
power and pulse width that result in these signal intensity maxima are known as the 90° pulse
width (PW90) and the 270° pulse width. When the RF pulse is turned off, the acquisition event
occurs. Acquisition is accomplished by the probe receivers, which detect the signal from the
Larmor precession of the spin back to the +z axis. The frequency of this precession is reduced
from the Larmor frequency of the nucleus by a difference dependent on the electronic
environment of each nucleus in the sample, which essentially dictates how much of the applied
magnetic field is “experienced” by each nucleus. This difference gives rise to the chemical shift.

The signal acquired is known as the free induction decay (FID), which is essentially the signal as

78



a function of time. This signal is processed through a Fourier transform algorithm, which results
in the familiar NMR spectrum in which the signal consists of peaks as a function of frequency.>
Developing and optimizing an NMR experiment for a given sample in a particular
solvent requires the determination of the PW90, as well as the T; values of each (or at least most)
of the nuclei in the sample. This becomes especially important for obtaining NMR spectra of low
concentration samples. One other important consideration for samples of lower concentration is

the signal-to-noise (S/N) ratio in NMR experiments, which increases as the square root of the
number of scans; >* for example, to double the signal to noise ratio, the number of scans must be

quadrupled.

B.2.1.3 Special considerations in correlated NMR-absorption studies

Proton NMR spectra are typically obtained for higher concentrations of analytes (millimolar to
molar range) than absorption spectra (micromolar). To obtain absorption and NMR spectra of a
single solution, one option is to prepare a solution of intermediate concentration, higher than that
typically used for absorption measurements and lower than that typically used for NMR
measurements. Perhaps the simplest way to obtain a usable absorption spectrum of a high
concentration sample is to decrease the pathlength of light through the sample by using a short
pathlength cuvette. Absorption is related to pathlength (b) and concentration (c) by Beer’s law,
as described in section B.1.2.5. Using a reduced pathlength cell (b = 0.2 cm), the maximum
concentration of a solution appropriate for a UV experiment in a standard 1.0 cm pathlength cell

can be multiplied by five. Absorbance of light is related to transmittance (T) by the equation

A=log (Po/P)=-log T
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where Py is the irradiance of the beam prior to striking a sample of pathlength b, and P is the
irradiance of the beam exiting the sample.>* When A = 1, 90% of the incident light is absorbed
(10% is transmitted), when A = 2, 99% of the incident light is absorbed (1% is transmitted), and
when A =3, 99.9% of the incident light is absorbed (0.1% is transmitted). Beer’s law (which
posits a linear relationship between absorption and concentration) is most accurate for
intermediate absorption values between 0.4 and 0.9, and begins to fail substantially when the
solution is too concentrated (i.e. for absorption values above two).>* For samples with absorption
greater than two, absorption spectra are still obtainable, although these spectra are not
appropriate for quantitative studies as the error resulting from the low intensity of detected light
and the dark current noise is far more significant in this range than at intermediate absorption

values.>®

With respect to the 2,4,6-trisubstituted pyridines studied (most of which were found in the
previous chapter to possess absorptivities ranging between approximately of 20,000 M cm™ to
40,000 M™* cm™), for a maximum absorption of 3 in a reduced pathlength cell with b= 0.2 cm,
the maximum concentration of a sample used for absorption measurements should range between
0.375 mM and 0.75 mM. Accordingly, a concentration of 0.5 mM was chosen for the correlated
absorption-NMR studies of dye A.

While NMR spectra of solutions significantly less concentrated than 0.5 mM are readily
obtainable,*® it is more practical (in consideration of experiment time and obtaining reasonable
S/N values) to work with a more concentrated solution. The signal in an NMR experiment is
proportional to the concentration of the species present, and as noted in the previous section, S/N

increases as the square root of the number of scans; > thus for every halving of concentration, the

80



number of scans (and experiment time) must be quadrupled to maintain the S/N ratio (assuming
all other experimental parameters affecting the pulse repetition time are held constant).
Additionally, an analyte concentration less than 1 mM is still considered to be on the low end of
NMR sample concentrations, thus care must nonetheless be taken to maximize the signal. The
primary considerations in maximizing the NMR signal are using a combination of RF pulse
length and pulse power that corresponds to a perturbation of 90° from the z-axis (i.e. using the
PW90), programming delays (d;) that are greater than or equal to 5T; for the nucleus possessing
the longest T; values in the compound, and running an adequate number of scans to obtain a

reasonable S/N.

B.2.2 Experimental

B.2.2.1 Materials and instrumentation

Dimethylsulfoxide (DMSO; > 99.8%, UV grade) was obtained from Sigma-Aldrich (St. Louis,
MO). Deuterated dimethylsulfoxide (DMSO-d6; 99.9% +0.05% V/V TMS) was obtained from
Cambridge Isotope Laboratories (Andover, MA) and stored under dry N, (replenished after each
use). Quartz cuvettes of 1.000 cm pathlength were obtained from Starna Cells, Inc. (Atascadero,
CA). A quartz cuvette of 0.200 cm pathlength (and a spacer to adjust the effective sample
compartment size) was obtained from NSG Precision Cells (Farmingdale, NY). Standard 5 mm
NMR tubes were obtained from Wilmad-LabGlass (Vineland, NJ). NMR studies were carried
out on a 400 MHz Bruker NMR spectrometer (Bruker BioSpin Corporation, Billerica, MA). T,

calculations were carried out using Topspin Software (Bruker BioSpin Corporation, Billerica,
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MA). NMR spectra were processed using Mnova Software (Mestrelab Research, Escondido,

CA). Other materials and instruments used in this chapter were discussed in B.1.2.1.

B.2.2.2 Preparation of stock solutions
Stock solutions (2-3 mM) for the correlated NMR-absorbance studies were prepared by weighing
the solid dye on a 5-digit analytical balance directly into a glass vial and adding DMSO (for
initial protonation studies) or DMSO-d6 (for NMR studies and correlated NMR-absorbance
studies) via a class A volumetric pipette and/or an adjustable volume micropipette. The contents
of the vial were sonicated for 10 minutes, then vortexed for 20 seconds to ensure complete
solvation. The stock solutions were protected from light and stored at room temperature under N,
when not in use.

Initial protonation studies were carried out using HCI. A parent stock solution of 1 M
HCI was prepared in DMSO, from which secondary HCI stock solutions (10-100 mM) were
prepared in DMSO for protonation studies. A second set of HCI stock solutions and secondary
stock solutions identical to those discussed immediately prior were also prepared in DMSO-d6

for the correlated NMR-absorbance protonation studies.

B.2.2.3 Initial protonation studies in DMSO using HCI

Hydrochloric acid was used as the protonating agent for the dye. HCI was chosen instead of
HCIO, despite the fact that HCI is not fully dissociated in DMSO because concentrated HCIO4 is
capable of reacting explosively with DMSO.*"*® Solutions for the protonation studies of dyes
using these other acids were prepared by adding varying amounts of acid stock solutions

(prepared in DMSO) and adequate dye stock solution and diluted to a total volume of 1.00 mL
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with non-deuterated DMSO such that the concentration of dye was 0.500 mM. Absorption
spectra were obtained using the 0.2 cm pathlength quartz cuvette. The spectra obtained were
characterized and compared to those observed in the acetonitrile studies. An additional
protonation study was carried out for a more justifiable comparison of the spectral properties in
the two solvents by preparing solutions in DMSO containing the same concentration of dye (20

M) used in the protonation studies with acetonitrile while varying the concentration of HCI.

B.2.2.4 General notes on acquisition of NMR spectra and NMR sample preparation
Acquisition of all NMR spectra involved setting a proper spectral width and number of points
(i.e. acquisition time) so as to fully encompass the FID without an excess of “dead space,”
setting the receiver gain to an appropriate value, and shimming to obtain a proper Lorentzian
lineshape. Peaks were calibrated against the TMS peak (which was set to 0.000 ppm).

All NMR samples (dyes and acid stock solutions) were prepared under N, and protected from

light. NMR tubes were purged with N, before and after filling with solutions.

B.2.2.5 NMR parameter optimization: PW90 determination

NMR samples for parameter optimization were of higher concentrations than those used in later
analytical studies (to reduce the number of scans required to obtain reasonable S/N values).
Samples were prepared by adding 650 L DMSO-d6 to a few mg of dye A in a glass vial and
transferring the sample to a standard NMR tube. All sample preparation was done under N, and

NMR tubes were purged with N, before and after filling.

The PW90 was determined by first setting the pulse power PL1 to -3.00 dB and acquiring

an initial NMR spectrum using a short pulse length P1 < 10 pus known to be shorter than that
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corresponding to the PW90. The transmitter offset was then set to the DMSO peak at 2.509 ppm
and the spectrum was obtained again using the same parameters. This spectrum was phased to
positive, after which no phasing was carried out (so the peak intensity and sign could be
observed as a function of pulse length). NMR scans were then carried out by increasing the pulse
length until the sinusoidal progression of the peaks approached the null peak at 360° (Figure

B.2.2).

90° pulse

—
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Figure B.2.2. Amplitude and sign of a single NMR peak as a function of pulse length (P1) when
pulse power held constant, with 90°, 180°,270°, and 360° pulses indicated™

At this point the pulse lengths were adjusted in small increments until the null signal (where the

peak possesses both positive and negative portions of equal amplitude) was observed; this signal
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was taken to be the true 360° pulse length. The iteratively determined 360° pulse length for PL1

=-3.00 dB was then divided by two to determine the 180° PW and by four to determine the

PW90.

B.2.2.6 NMR parameter optimization: T, determination

Spin lattice relaxation times Ty for a given compound can be approximated from the molecular
weights. It can be generalized that, for molecules with molecular weights between approximately
10 and 1000 g/mol, the smaller the molecule, the longer the T; value. The relationship between

molecular weight and T; is illustrated in Figure B.2.3.
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Figure B.2.3. Relationship between spin-lattice relaxation time Ty, spin-spin relaxation time T,
and molecular weight®
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The data provided in Figure B.2.3 indicates that for the 2,4,6-trisubstituted pyridines studied
(which have molecular weights between 323 and 479 g/mol, the expected T; values should be
approximately 1 s. However, the actual T; values require experimental determination (as there

are other environmental factors that affect the T; of a given nucleus).

The T; values of selected nuclei in the dye molecule were determined following

determination of the PW90 by the inversion-recovery method, as depicted in Figure B.2.4.
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Figure B.2.4. Depiction of inversion-recovery procedure for determination of T,

This method involves setting up a two-pulse program with a variable delay (t) between the
pulses. The first pulse (P1), known as the inversion pulse, corresponds to the 180° pulse (PL1
was set to -3.00 dB and P1 was set to double the PW90) and results in an inversion of sample
magnetization to the —z axis. The second pulse (P2), known as the read pulse, corresponds to the
90° pulse (PL1 was set to -3.00 dB and P1 was set to double the PW90). A number of t values
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were set, ranging from 1 ms to 10 s (to ensure that delays correspond to values significantly
smaller and larger than the expected T, values). For long delay times (>T;) for which the
magnetization along the z axis M; has recovered all the way to My, the intensity of the signal I
corresponds to the maximum positive signal given by the PW90. The relationship between signal

intensity at delay I(t), the delay time t, and the T, value is given by the following equation.®

—1/Ty

I(7) = lins (1 — 2e )

Determination of T, can accordingly be obtained by a nonlinear least squares fit of the signal
intensity I(t) as a function of the delay time. Spin-lattice relaxation times T, for selected nuclei
in dye A (those that demonstrated NMR peaks that were resolved from surrounding peaks) were
obtained by this curve fitting method, which was carried out following acquisition of all NMR
spectra by phasing the first spectrum (t = 1 ms) to negative (corresponding to the 270° pulse)

then fitting the curves using the Bruker Topspin software.

B.2.2.7 *H NMR of dye A (base form)

Following determination of the PW90 and T1 values, an optimized *H NMR spectrum of the
base form of dye A was obtained. Approximately 3 mL of a solution that was 3.00 mM A in
DMSO-d6 was prepared under N2 in a glass vial by weighing out a sample of dye A and adding
an appropriate volume of deuterated solvent via volumetric pipettes. Approximately 0.6 mL of
this sample was transferred into an NMR tube and the spectrum was run by setting the

parameters discussed previously to their optimum values. Pulse power PL1 was set to -3.00 dB,
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pulse length P1 was set to 29.375 s (the PW90), and d; to 12.5 s (d; > 5T; for the largest Ty

measured in the previous section). The number of scans was set to obtain reasonable S/N.

B.2.2.8 Correlated '"H NMR and absorption spectra of dye A (protonated form)

A secondary sample containing 0.5 mM dye A and 10 mM HCI was prepared in DMSO-d6 from
the solution described in B.2.2.7. The concentration of HCI was chosen from the results of the
protonation studies of 0.5 mM A in DMSO described in B.2.2.3, which indicated that the
addition of 10 mM HCI results in absorption spectra displaying only the characteristics of the
first equilibria. The solution was prepared by pipetting 0.500 mL of the 3.00 mM dye solution
into a second vial, adding 0.300 mL of a secondary 100 mM solution of HCI in DMSO-d6, and
diluting to a total of 3.00 mL. The final concentrations of dye A and HCl in this solution were
0.500 mM and 10.0 mM, respectively. For both samples, approximately 1 mL was transferred
into the 2 mm pathlength quartz cuvette and an absorption spectrum was taken. Concurrently, 0.6
mL of this sample was transferred into an NMR tube, and the NMR spectrum was run under the
same conditions as the spectrum obtained in B.2.2.7 except that the receiver gain and the number
of scans were increased (as the sample contained one-sixth the concentration of dye as the 3 mM
sample in B.2.2.7). The absorption spectrum was compared to the NMR spectrum to determine

structural information about the first equilibrium.
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B.2.3 Results and discussion

B.2.3.1 Protonation studies of dye A in DMSO

Provided in Figure B.2.5 are the absorption spectra from the protonation study of 0.5 mM Ain

DMSO using HCI. Inspection of the data reveals a single set of isosbestic points, corresponding

to only a single equilibrium. The absorption of the bathochromic peak increased with increasing

acid concentration up to the addition of 15 mM HCI (30 equivalents of HCI per equivalent of

dye). Addition of 20 mM HCI (40 equivalents) yielded a slightly lower bathochromic peak

absorption, indicating the beginning of the transition to the second equilibrium as discussed

repeatedly and in detail in chapter B.1. Arrows in the spectrum indicate changes in intensities of

various peaks as acid concentration is increased.
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Figure B.2.5. Absorption spectra from protonation study of 0.5 mM A using HCI (in DMSO).

Sample At is the absorption spectrum of a 0.5 mM sample of dye A in absence of acid
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Product specifications provided by the supplier of the UV grade DMSO (Sigma-Aldrich)
indicated that for this grade of DMSO, the intrinsic absorption of the solvent is significant at
wavelengths lower than 290 nm. This grade of DMSO has A2y = 0.16 and Asg = 0.10
(presumably in a 1.000 cm pathlength cuvette); accordingly, absorption spectra of lower
concentration samples of dye A in DMSO may be subject to interference from the DMSO
absorption peak at wavelengths near or below 290 nm.

Provided in Figure B.2.6 are the absorption spectra from the protonation study of 20 uM
A in DMSO using HCI. Note that the low end of the spectral window was cut off at 300 nm (as
the absorption data below this point was complicated by the intrinsic absorption of DMSO). The
absorption spectra of 20 uM dye A protonated with varying concentrations of HCI demonstrate
less well-defined isosbestic behavior than those of the 0.5 mM A, but the spectral behavior of the
two concentrations when [HCI] is varied are comparable. As with the 0.5 mM A, the addition of
concentrations of acid far greater than that of the dye results in spectral behavior corresponding
primarily to the first equilibrium (B # HB™); the bathochromic peak intensity increases for
acid concentrations as high as 10 mM (500 equivalents of acid per dye molecule), although the
absorption spectrum for this solution may be indicative of the beginning of the transition to the
second equilibrium (as indicated by a sharp increase in absorption around 260 nm, full peak not
shown). Provided in Figure B.2.7 are the absorption spectra from the protonation study of 20 uM
A in ACN using HCI (from the preliminary protonation studies used in the molar absorptivity
experiments described in section B.1.2.5) for comparison with the results obtained in DMSO
(Figure B.2.6). Arrows in the spectra in Figures B.2.6 and B.2.7 indicate changes in intensities of

various peaks as acid concentration is increased.
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Comparison of the spectroscopic behavior of 20 uM A protonated with HCI in DMSO to
that of the same concentration of A protonated with HCI in acetonitrile (ACN) reveals
differences that primarily reflect the difference in donor number (i.e. basicity) of the two solvents
and the effects that these differences have on acid and base strength in as discussed in B.1.1.2.
While the spectroscopic behavior of the dye in the two different solvents is comparable as
increasing concentrations of acid are added, there are two apparent differences: the concentration
of acid required to protonate the dye, which is much higher in DMSO, and the absorptivity of the
bathochromic peak corresponding to the singly protonated form (HA™).

In DMSO, HCI behaves as a moderately strong acid (pKa = 1.8),®* whereas in ACN, HCI
behaves as a weak acid (pK, = 8.9).%° As a point of reference for the dye studied, the pK, of
pyridine (as pyridinium) in DMSO is known to be 3.4, whereas in acetonitrile it is known to be
12.5.%" The equilibrium observed in Figure B.2.6 thus represents the protonation of a very weak
base with a moderately strong acid. Conversely, the equilibrium observed in Figure B.2.7
represents the protonation of a strong base with a weak acid. This difference would explain why
the addition of as much as 500 equivalents of acid per dye molecule in DMSO results in the
formation of only a small concentration of HB™ relative to the significantly larger amount formed
in acetonitrile upon addition of just two equivalents of acid per dye molecule. This difference
also explains why the second equilibrium (HB”* = H,B%*) is observed in ACN for acid
concentrations greater than 40 uM but not observed to any real extent in DMSO even at acid
concentrations of 10 mM. The similarity of the spectra (absorption wavelengths and spectral
changes observed upon changing acid concentration) probably indicates that the first equilibrium
observed in both solvents corresponds to protonation of the same site, but correlated absorbance-

NMR studies in deuterated acetonitrile are required to fully substantiate this claim.
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B.2.3.2 Initial NMR studies

The experimentally determined PW90 was found to correspond to a pulse length P1 = 29.375 us
and pulse power PL1 = -3.00 dB. Provided in Table B.2.1 are the T; values determined by the
inversion recovery procedure and the chemical shifts (8), multiplicities, and peak areas from the
optimized *H NMR spectrum of dye A (obtained following the T; values) for the basic form of
dye A in DMSO. Also included are the peak assignments and the structure with the peak

assignment positions labeled.

Table B.2.1. *H NMR data obtained for the base form of dye A: chemical shifts (5),
multiplicities, integration (number of protons/peak), peak assignments to specific nuclei, and
experimentally determined spin-lattice relaxation times T for particular peaks

Dye A Strulfct)l;irfi:r\]/sith Labeled ?;Sgggirt?gﬂt (pp8m) Multiplicity | Integration | Ti (S)
a 1.148 triplet 6 0.907
b 3.434 quartet N/A* 0.305*
c 6.805 doublet 2 0.630
d 7.902 doublet 2 0.877
e 8.091 singlet 2 0.770
f 8.299 doublet 4 1.227
g 7.527 triplet 4 1.432
h 7457 triplet 2 1.557

*Not resolved from water peak, therefore integration was not possible. Experimentally determined T,
value may also be inaccurate for this reason.

93



The optimized *H NMR spectrum of dye A was obtained by setting the pulse length and power
to the PW90 settings (P1 = 29.375 us, PL1 = -3.00 dB) and the delay d; to 12.5 s (>5T; for the
largest T; measured = 1.557 s). Assignment of peaks to the structure allows us to single out the
quartet at 3.43 ppm (assigned to the methylene protons neighboring the diethylamino nitrogen)
and the doublets at 8.09 and 8.30 ppm (assigned to the aryl protons nearest the pyridine nitrogen)
as being of particular interest in determining where the proton adds in the upcoming correlated

NMR-absorption study.

B.2.3.4 Correlated NMR-absorption studies

The absorption spectra of the 0.5 mM NMR sample of dye A protonated with 10 mM HCI in
DMSO-d6 falls within the first protonation equilibrium, as evidenced by overlaying the spectrum
obtained for this sample onto the spectra obtained for the first equilibrium in the protonation
study of dye A in DMSO (Figure B.2.5); this spectral overlay is provided in Figure B.2.8. The
absorption spectrum of this sample remained almost constant when monitored every 60 minutes
over the course of two hours (approximately the amount of time it took to run the experiment), as
indicated in Figure B.2.9. Accordingly, the NMR spectra obtained can be correlated directly to
the first equilibrium (associated with the formation of the red shifted peak) and the position

within this equilibrium remains constant during the course of the NMR experiment.
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Figure B.2.8. Overlay of absorption spectra from protonation study in Figure B.2.4 (black) with
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The NMR spectra from the correlated NMR-absorption study of 0.5 mM dye A with 10
mM HCI added is provided in Figure B.2.10. The NMR spectrum has been stacked with that of
the 3 mM (base form) sample. A second set of stacked spectra from this same experiment is
provided in Figure B.2.11, in which only the aryl regions from the spectra shown in Figure

B.2.10 are shown. Peaks are assigned to the structure in both sets of spectra.
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Figure B.2.10. Stacked NMR spectra corresponding to (I) base form of A (3 mM in absence of

acid) and (1) A (0.5 mM) protonated with 10 mM HCI. Structure is inset and peak assignments
to structure are shown
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Figure B.2.11. Zoom view of aryl region from Figure B.2.10. Stacked NMR spectra
corresponding to (1) base form of A (3 mM in absence of acid) and (I1) A (0.5 mM) protonated
with 10 mM HCI. Dye structure inset, with peak assignments indicated.

As mentioned previously, the quartet at 3.43 ppm (assigned to the methylene protons
neighboring the diethylamino nitrogen) and the doublets at 8.09 and 8.30 ppm (assigned to the
aryl protons nearest the pyridine nitrogen) are of particular interest in determining which

nitrogen the first proton adds to. However, when looking at the effects of protonation in these
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spectra, it is important to take into account both inductive and resonance effects on chemical
shift., The origin of the bathochromic shift is thought to be increased conjugation within the =
system of the molecule due to widespread delocalization of the positive charge throughout the
molecule, as a result of protonation of the pyridine substituent.?® Accordingly, the effects of
pyridine protonation should result in a downfield shift of many of the protons attached to this
conjugated system via resonance effects (as the delocalized charge results in decreased electron
density and less shielding). Additionally, for protons close to the site of protonation, a stronger
downfield shift would be expected due to inductive deshielding effects. If the pyridine nitrogen
is protonated first, downfield shifts due to resonance effects would be expected at the “d” “f” and
“h” positions and a downfield shift due to inductive effects might be observed at the “e” position.
Protonation of the aniline nitrogen cannot result in resonance delocalization of the charge,
accordingly, one would expect to observe only inductive effects. In other words, a perturbation
of chemical shifts would be expected only for those protons in close proximity to the
diethylaniline nitrogen, specifically those at the “a” “b” and “c” positons, and a more complex
splitting pattern for the “b” position would be expected to occur due to spin-spin coupling
between nonequivalent protons.

The results seem to verify initial protonation of the pyridine substituent, as significant
downfield shifts are observed for many of the aryl protons. The downfield shift observed for the
peak corresponding to position “h” is particularly diagnostic, as it is indicative of extensive
charge delocalization through the conjugated system (which is only possible given pyridine
protonation). It is unfortunate that the quartet corresponding to the “b” position (protons

neighboring the diethylamino group) is obscured by the large water peak around 3.4 ppm in the

protonated NMR spectrum (originating from the water content of the 12 M HCI used to prepare
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the acid stock solution). Further complicating the situation is the apparent “disappearance” of the
peak corresponding to the proton at the “c” position, which may be due to a downfield shift of
the peak, (seemingly less likely because this peak area did not integrate into any of the remaining
peaks present) or possibly proton exchange with the solvent. Additionally, the broadening and
loss of fine structure of the signal for the “d” position is puzzling. The behaviors of the “c” and
“d” peaks need to be accounted for by additional NMR studies utilizing lower concentrations of
acid (to observe the behavior of the peaks as acid concentrations are increased). Additionally, if
proton exchange is implicated, the assignment of these peaks to the “c” and “d” positions of the
compound should be verified by two dimensional correlation spectroscopy (COSY or TOCSY),
as the reason for proton exchange at these positions is unclear. One additional surprising
observation is that there is a downfield shift in the signals for the “g” and “h” positions but no
change in chemical shift for the “f” position, as the resonance structures for charge delocalization
in these positions when pyridine is protonated indicate that the positive charge should be
concentrated at both the para (h) and ortho (f) positions. Provided in Figure B.2.12 are three

representative resonance structures of the dye protonated at the pyridine nitrogen to illustrate the

preceding discussion.

Figure B.2.12. Representative resonance structures illustrating extent of charge delocalization
resulting from pyridine protonation
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Overall, the fact that there are changes in chemical shift for most of the aryl protons (and
even the protons at the “g” and “h” positions) while there is no change in the chemical shift of
postion “a” (methyl protons of diethylamino group) supports protonation of the pyridine nitrogen
as being responsible for the bathochromic shift observed in the first protonation equilibrium.
This is in good agreement with published results of NMR studies of metal complexes of similar
dyes, in which complexation at the pyridine nitrogen was found to be responsible for the
observation of red-shifted spectral features.?® Given the large concentrations of acid required to
protonate the dye in DMSQ, it is apparent that deuterated acetonitrile is the better solvent for
observing this protonation (as much lower acid concentrations may be used and the interfering
peaks associated with addition of acid will accordingly be lower). Additionally, given the greater

base strength of the dyes and the spectroscopic observation of the second protonation state in this

solvent, deuterated ACN will be far more appropriate for the study of both equilibria.

B.3 Conclusions

Dyes A — H (with N,N-diethylaniline D3 substituents) all display a bathochromic shift of
approximately 100 nm upon addition of acid, with a marked corresponding color change. Upon
further addition of acid to dyes A — E and H, (D; & D, = alkyl or substituted phenyl groups)
there is a reversal of the color change and a corresponding hypsochromic shift, with the new
peak demonstrating a Amax around 270-280 nm. For terpyridine dye F, (D1 = D, = 2-pyridyl), the
magnitude of the hypsochromic shift is far smaller (approximately 25 nm), with the new peak
demonstrating a Amax at 500 nm. As mentioned before, this spectral behavior corresponds to two

protonation equilibria. The presence of clear isosbestic points suggests that these two equilibria
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are distinct and well-resolved (i.e. pKa; and pK,, are separated by at least 2 pH units); results of
pK, studies confirm this.

Ethoxyphenyl substituted terpyridine dye I and toluene substituted terpyridine dye J
possess absorption maxima in their nonprotonated forms at substantially lower wavelengths than
those observed for diethylaniline-substituted dyes (the difference is almost 200 nm when
compared to diethylaniline substituted terpyridine dye F). Additionally, upon addition of acid to
dyes I and J, the spectra demonstrate a red-shifted peak broadening with a substantially smaller
bathochromic shift than those observed for the diethylaniline substituted dyes, and the Aymax does
not display a significant spectral shift away from that of the base form, instead exhibiting an
increase in absorptivity. These unchanging Amax Values that demonstrate increased absorptivity
upon protonation most likely correspond to the pyridine © > n* excitation.*® These spectral
differences correlated to the presence of a second basic group (the aniline amine) led our group
to suspect that the site of the first protonation in the aniline substituted dyes might actually be
the aniline amino group rather than the pyridyl nitrogen, but NMR studies of this first
equilibrium supported the idea that the pyridine nitrogen is in fact the site of the first protonation.
Accordingly, the origin of the bathochromic shift is probably resonance delocalization of the
positive charge throughout the conjugated chromophore, and role of the diethylamino group is to
act as an auxochrome that both increases the wavelength of absorption of the nonprotonated form
of the dye and increases the magnitude of the red shift such that visible color indication of the
presence of acid is observed.

One other interesting characteristic of dyes | and J relative to dyes possessing
diethylaniline substituents is their unstable absorption over time, which is likely attributable to

aggregation. Pyridine is well known for its m-stacking capability, and terpyridine is well known
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for its ability to form supramolecular aggregates through n-stacking and other noncovalent
interactions, especially in complexes with metals.*®®2 Thus aggregation of dyes I and J
certainly seems likely, and in fact it is surprising and fortunate that the same behavior is not
observed for dye F (or any of the other dyes for that matter), as a change in absorption with time
precludes the determination of molar absorptivity. One might speculate that the diethylaniline D3
substituent assists in preventing aggregation as well as providing the large bathochromic shift
that allows color indication of protonation.

The presence of electron withdrawing groups or groups that can form intramolecular
hydrogen bonds with the pyridine acceptor in the D; or D, positions was correlated to a reduction
in the color intensity (absorptivity) of the red-shifted protonation peak. This reduction in
absorptivity may be due to hindered ICT behavior of the donor-acceptor structure of these
compounds resulting from the reduced ability of the “donor” groups to donate electrons.
Similarly, substitution with electron donating groups was correlated to an increase in the color
intensity (absorptivity) of the red-shifted protonation peak, which may also be explained in terms
of charge transfer behavior; as the electron-donating nature of the substituents increases, more
extensive delocalization of the positive charge throughout the structure is possible, resulting in a
greater absorptivity. Surprisingly, despite the large differences in absorptivity of the
bathochromic protonation peaks for dyes substituted with electron withdrawing groups versus
electron donating groups, pK, values of the dyes are not strongly modulated by interchanging
electron-withdrawing substituents for electron-donating substituents at the 2 and 6 positions of
the pyridine ring (D1 and D5 positions).

It was also found that both the solvent and the protonating acid have a strong influence on

the absorptivity of the bathochromic protonation peak. Absorptivities of the protonation peak in
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acetonitrile were substantially higher than those found in either DMSO or 50% EtOH/H,0 when
the same protonating acid was used, this observation requires further study to determine the
origin of this behavior. Additionally, it was found that in acetonitrile, perchloric acid resulted in
the greatest absorptivity of the bathochromic peak, followed by PTSA, followed by HCI. This
trend follows the trend of acid strengths in this solvent but it may also be due to differential
spectral responses to anions. As with the observed solvent effects, this behavior requires further
study.

Generally speaking, it was found that the structural characteristics resulting in the most
desirable spectroscopic and color-indicating properties among the dyes studied are N,N-
diethylaniline substitution at the 4 position of the pyridine ring (which is essential for visible
color indication) coupled with electron-donating substitution at the 2 and 6 positions of the
pyridine ring (which is essential for high molar absorptivity and corresponding strong coloration
of the red-shifted peak). Amongst all of these dyes, the one with the best potential as a general
pH indicator is terpyridine dye F, as the red color indicating acidic conditions doesn’t disappear
in the presence of higher concentrations of acid, but instead changes slightly in its hue. Among
the diethylamino substituted dyes with aryl D, and D, substitution, dyes B and D demonstrated
the most desirable spectral characteristics (greatest absorptivities of red shifted peak upon
protonation) and could potentially be applied as reliable color indicators of a relatively narrow
pH range (approximately 2-3 units), as the color disappears at pH values both lower and higher
than the equivalence point of the first protonation equilibrium. Finally, tert-butyl substituted dye
H is also a strong candidate for a pH indicator, as it demonstrated a high molar absorptivity of
the red shifted peak, (also presumably resulting from its electron donating substitution). Alkyl

substituted dye H has the added benefit of simplified, easily interpreted spectral changes, as all
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absorption in the base form peak region disappears at the equivalence point of the first
protonation, and all absorption in both the base form peak region and singly protonated form
(bathochromic) peak region disappears at the equivalence point of the second protonation.

In this study, structural features of 2,4,6-trisubstituted pyridines that result in desirable
and undesirable spectroscopic and color-indicating responses for applications as pH indicators
and ion probes have been determined and rationalized based on known spectroscopic
phenomena. These findings should assist in the future design of donor-acceptor pyridine ion
probes with optimal spectroscopic and color-indicating responses for applications as color
indicators of ions. More studies need to be carried out to fully characterize the studied dyes in
terms of their suitability as indicators. Particularly, correlated NMR-absorption studies using
lower concentrations of acid in DMSO-d6 need to be carried out to determine the fate of the
“disappearing” peak. Additionally, correlated NMR -absorbance studies should be carried out
using deuterated acetonitrile as the solvent, which will facilitate the use of much lower acid
concentrations to observe both the first and second protonation equilibria than those needed for
DMSO (and the interfering peaks associated with the addition of acid will accordingly be lower).
Additionally, given the greater base strength of the dyes in ACN and the resulting ability to
observe the second protonation state in this solvent even when relatively low acid concentrations
are present, deuterated ACN will be far more appropriate for NMR study of both equilibria.
Further pK, determinations will also be made for the dyes in solvent compositions containing
varied percentages of EtOH so that dissociation constants in at least three different ethanol
percentages are determined (in order to determine the aqueous pK, via extrapolation to zero

percent ethanol rather than assuming a relation between percent ethanol and psK,). Dissociation
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constants should also be determined for at least a few other dyes in this manner, as there are a
number of promising candidates among the group studied that should be fully characterized.
Finally, the best candidates among the dyes studied should also be characterized in terms of
selectivity towards H* and other metal ions.

As mentioned in the introduction, while the studies discussed in part B concern a
different family of compounds than those discussed in part A, both cyanine dyes and 2,4,6-
trisubstituted pyridine derivatives share a number of similarities. The two groups of compounds
have similar applications to industry based on their photophysical properties. Additionally, the
red shifted peak observed upon protonation of the pyridine derivatives is analogous to the
unusually long wavelength absorption demonstrated by the cyanine dyes; in both cases, the long
wavelength absorption arises from extensive delocalization of a positive charge across a
chromophore containing multiple auxochromic nitrogen atoms. Finally, in at least once study,
these two families of compounds have been successfully combined to create pH-sensitive
fluorescent probes suitable for in vivo pH measurements, with cyanine dye substitution of the
pyridine moiety at the 4 position resulting in a large increase in its pK,. Accordingly, the groups
of compounds studied in parts A and B of this thesis are not only similar, but may potentially

find future applications as fluorogenic bioanalytical pH and ion probes when linked together.
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