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Abstract

Project Code: RSA/06/2545

Project Title: Synthesis of Fluorescent Sensors based on Azacalix[4]arene.

Investigator: Mr. Buncha Pulpoka
Department of Chemistry, Faculty of Science, Chulalongkorn University
Phayathai Road, Pathumwan, Bangkok 10330

E-mail Address: buncha.p@chula.ac.th

Project Period: July 29, 2005-July 28, 2008

The hexahomotriaza-p-chlorocalix[3]arene was successfully synthesized and functionalized
to provide two novel heteroditopic sensors. From complexation studies, the hexahomotriaza-p-
chlorocalix[3]arene, itself, can be use for a selective chromogenic sensor for F and H,PO, . The tri-
O-alkylation by ethyl bromoacetate of hexahomotriaza-p-chlorocalix[3]Jarene  afforded
hexahomotriaza-p-chlorocalix[3]-tri(ethyl acetate) in both cone and partial cone conformations. They
were further condensed with 1-aminomethylnaphthalene providing selectively partial-cone
hexahomotriaza-p-chlorocalix[3]-trinaphthylamide. The complexation studies by UV-vis and
fluorescence spectroscopies showed that hexahomotriaza-p-chlorocalix[3]-trinaphthylamide exhibits
a selective fluorescent sensor for Cd2+, Pb2+ and F. The hexahomotriaza-p-chlorocalix[3]-cryptand
which is fixed in cone conformation and processes a close well-defined cavity showed a high
selectivity for CI ion. By tuning of this ligand by complexing with zinc ion on hexahomotriaza-p-
chlorocalix[3]arene framework, its anion binding selectivity changed to Br ion. Moreover, a new
class of chemosensor recognition element based on conjugated polymer network ultra-thin films
from electrochemical cross-linking of hexahomotriaza-p-chlorocalix[3]arene-carbazole was

successfully realized in which it demonstrated high selectivity and sensitivity towards Zn2+.

Keywords: azacalix[3]arene, complexation, receptor, cation, anion, sensor, ultra-thin film



Azacalixarene-Carbazole Conjugated Polymer Network (CPN)

Supporting Information

Ultrathin Films for Specific Cation Sensing

Chatthai Kaewtong', Guogian Jiang', Yushin Park', Tim Fulghum', Akira Baba'

"Department of Chemistry and Department of Chemical Engineering,

Buncha Pulpoka®* and Rigoberto Advincula'*

University of Houston, 136 Fleming Building,
Houston, TX 77204-5003

*Supramolecular Chemistry Research Unit and Organic Synthesis Research Unit,
Department of Chemistry, Faculty of Science, Chulalongkorn University, Bangkok

Content:

10330, Thailand.

Figure S1. Sensor diagram studies by using EC-QCM and
QCM.

Figure S2. Sensor setup for in sifzu EC-SPR/SPR
measurement.

Figure S3. Cyclic voltammograms electrochemical cross-
linking /deposition of hexahomotriazacaliz[3]-arene-
tricarbazole polymerization

Figure S4. AFM images of PCC-CBz on gold-coated
slides and 4 coated gold substrate

Figure S5. AFM images of PCC-CBz on ITO

Figure S6. Potentiometric profiles of PCC-CBz on ITO in
aqueous solution at different concentrations of cations
Figure S7. Potentiometric profiles, Cyclic voltammograms
and UV of 8 on ITO.

100

1air air
- air

air .
air

-100 - air

-200
-300
-400

-500—-

-600 -

A Frequency (Hz)

-700 - 10°

o 5 100 150

Time (min)

Figure S1. Sensor diagram studies by using QCM
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Sensitivity and selectivity studies of PCC-CBz by using EC-SPR and SPR.

Electrochemical
instrumentation

counter electrode

Detector ) ‘
' reference electrode

Polari working electrode
olarizer (Au)

Figure S2. Sensor setup for in situ EC-SPR/SPR measurement.
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Figure S3. Cyclic voltammograms of electrochemical cross-linking/deposition of PC-
CBz polymerization at a scan rate of 50 mv/s, 8 cycles: (a) deposited material on
gold-coated slides, (b) deposited material on ITO substrates.
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Figure S4. AFM images, the topological or height images (left) and three-dimentional
topographic images (right): (a) bare gold, (b) after electropolymerized PPC-CBz
electropolymerized at 50 mV/s (0 to 1.0), 8 cycles in TBAPFs/CH,Cl, electrolyte
(WE, gold-coated slides; CE, Pt wire; RE, Ag/AgCl wire).
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Figure SS. AFM images, the 2D topological or height images (left) and 3D
topographic imagse (right): (a) bare ITO, (b) after electropolymerization of PC-CBz at
50 mV/s (0 to 1.5), 8 cycles in TBAPF¢/CH,Cl, electrolyte (WE, ITO; CE, Pt wire;
RE, Ag/AgCl wire)
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Figure S6. Potentiometric profiles of PCC-CBz on ITO in aqueous solution in
different concentration of cations at 0 V: a) H', b) Ni*", ¢) Cd**, d) Co*", e) Cu*", )
Hg2+.
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Experimental Section

NMR spectra were recorded on a Varian 400 MHz spectrometer in deuterated
chloroform. MALDI-TOF mass spectra were recorded on a Biflex Bruker Mass
spectrometer using 2-cyano-4-hydroxycinnamic acid (CCA) or 2,5-dihydroxy-benzoic
acid (DHB) as a matrix. Elemental analyses were carried out on a CHNS/O analyzer
(Perkin Elmer PE2400 series II). UV-vis absorption measurements were performed on
a Hewlett Packard 8452A Diode Array Spectrometer. Infrared spectra were obtained
on a Nicolet Impact 410 using KBr pellets. Column chromatography was carried out
using silica gel (Kieselgel 60, 0.063 — 0.200 mm, Merck). All reagents were standard
analytical grade and were used without further purification.

THF was distilled over sodium and benzophenone under nitrogen.
Commercial grade solvents such as acetone, hexane, dichloromethane, methanol and
ethyl acetate were distilled before used. Toluene and DMF were dried over CaH; and
freshly distilled under nitrogen atmosphere prior to use.

X-ray data of compound 1 and 2a

X-ray data were collected on a Bruker SMART CCD area detector. The
crystal structure was solved by direct methods and refined by full-matrix least-
squares. All non-hydrogen atoms were refined anisotropically, and hydrogen atoms
were refined using the riding model. All calculations were performed using a
crystallographic software package, WinGX v1.64.05. Crystal data for 1:
Cs4H75C13NgO6*3H,0, M, = 1424.90, monoclinic, space group P-1, a = 16.1795(3) A,
b = 16.58093) A, ¢ = 16.6482(2) A, a = 92.624(1)°, B = 105.880(1)°, y =
112.174(1)°, ¥ =3921.97(11) A®, Z=2, prae = 1.207 g cm™, 264nax = 30.54°, Mo Kax
(. = 0.71075 A), = 0.176 mm™, G scans, T = 293(2)K, 28143 independent
reflections, 20620 unique reflections (I > 2.00([)), 924 refined parameters, R1 =
0.1276, Rw = 0.3142, Apmax = 1.204 ¢ A, Appin=-0.395 ¢ A”; CCDC 673516.

Crystal data for 2a which 1 asymmetric unit contains 2 molecules:
Cs7HgoC13N309, M, = 1037.43, monoclinic, space group P-1, a = 13.3761(6)A, b =
14.4152(7)A, ¢ = 28.8382(14)A, a=93.622 (1)°, B=96.284(1)°, y = 92.635(1)°, V' =
5508.3(5) A’, Z=4, peaie = 1.251 g cm™, 26hnax = 30.55°, Mo Kax (A = 0.71075 A), pu=
0.224 mm'l, ¢-w scans, T = 293(2)K, 39,405 independent reflections, 28866 unique
reflections (1 > 2.00(1)), 1267 refined parameters, R/ = 0.0981, Rw = 0.2153, Apmax =
0.795 ¢ A>, Apmin = -0.389 ¢ A™; CCDC 673515.
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Figure S1. Plot of the ratio of excimer to monomer emission against concentration
of ligand 1.
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Figure S2. The '"H-NMR spectra of 1 with 10 equivalents of TBAX in CDCls.

Complexation studies of ligand 1 by using UV-vis titrations

The complexation abilities of ligand 1 with cations and anions were
investigated by using spectrophotometric titration in DMSO at 25°C. When
necessary, BuuNPF¢ was employed to keep the ionic strength at 0.01 M.

2 mL of 0.03 nM ligand solution were placed in a spectrophotometric cell of
Icm path length. The spectrum was recorded from 260-360 nm. The solutions of a
cation or an anion were added into the cell from a microburette. The mixture was
stirred for 40 seconds after each addition and spectral variation was recorded. The
stability constants were calculated from spectrometric data using the SIRKO

program.'’



Table S1. Variation in absorbances of compounds 1 in the absence or presence of

various anions” (A=293 nm).

Entry  Solution of ligand 1 with AlAy
1. free ligand 1 1.00000
2. TBA'F 0.711418
3. TBA'CI 1.027682
4. TBA'Br 0.835427
5. TBA'T 0.855821
6. TBA'NO; 1.028281
7. TBA'CIO4 1.012905
8. TBA 'H,PO4 0.862922
9. TBA"AcO 0.723446
10. TBA'BzO 0.442596

“In DMSO, at 25°C, 0.03 mM of host and 1.2 mM of guests (in forms of
tetrabutylammonium salts) were used. "4y and A4 are the absorbances of the host

solution in the absence or presence of guests, respectively.



.B i § i 1 i i N i i 5 i N i i N i § i i N i
— L1
—— addition of 0.04 mL of Cd™
—— addition af 0.02 mL of Cd™
addition of 0,03 mL of &4
—— additiom of 0.04mL of Cd™
—— addition of .08 mL of Cd™"
addition of 0.06 mL of Cd™
additlon of 0.07 mL of 4™
—— additiom of 0.08 mL ofCd™’
—— additlon of 6.08 mL of &d™
—— additien af .10 mL of Cd™
—— addition of 0,94 mL of Cd™
—— additiom of 0.98 mL of Cd™
addition of 0.22 mL of Cd™"
additiom of 0.26 mL of Gd™
—— addition of 0.30 mL of &d™
—— additiom of 0.38 mL of Cd™"
addition of 8.48 mL of ¢:d™
additien of 0.54 mL of Cd™"
addition of 0.62 mL of Cd™
—— additlom of 0.70 mL of Cd™
addition of 0.B0 mL of Cd™" |
additiom of 0.90 mL of Cd™ [
—— additlon of 1.00 mL of Ca™
additiom of 1.0 mL of Cd™"
----- addition of 1.30 mL of Cd™
—— additien of 1.60 mL of Cd™"

Absorbance

260 280 300 320 340 360
Wavelength(nm)

Figure S3. Spectral change in the UV-vis absorption of 1 (CL = 3x10™ M) upon
addition of Cd*" (Cc = 1.2x10™ M) in DMSO (0 < CA/Cy. < 30).
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Figure S4. Spectral change in the UV-vis absorption of 1 (CL = 3x10™ M) upon
addition of Pb*" (C¢ = 1.2x10™ M) in DMSO (0 < CA/Cy. < 30).



Absorbance

0.0 -

Free ligand 1
e

crr

Br

e HOJ-

320
Wavelength(nm)

380

Figure S5. Spectral change of ligand 1 upon addition of 30 equivalents of TBAX.

Figure S6. Spectral change in the UV-vis absorption of 1 (Cp = 3x10™ M) upon

Absorbance

— L1

addition of 0,02 mL of F

—— addition of 0.04mL of F

Addition of 0.14 mL of F

Bddition of 0.22 mL of F

addition of 0.30 mL of F

addition of 0.70 mL of F
additian of .90 mk. of F

— Bdditlen of 1,10 mL of F

= == —

— addition of 0.01 mL of F°

addition of 0.03 mL of F°

addition of 0.08 mL of F°
addition of 0.06 mL of F°
addition of 0.07 mL of F°
addition of 0.08 mL of F’
addition of 0.0% mL of F

addition of 0.10 mL of F
addition of 4. 18 mL of F'
addition of .28 mL of F
additicen of 0.38 mL of F
addition of 0.46 mL of F
addition of 0. 54 mL of F
addition of 0.82 mL of F
addition of 0.80 mL of F°

— addition of 1.00 mL of F°

— addition of 1.30 mL of F°
— addition of 1.50 mL of F°

320 340

300
Wavelength(nm)

260 280

addition of NBuy'F™ (C4 = 6x10™ M) in DMSO (0 < C/Cy. < 15).

360



10

nzaca] 4ol K-8 BUAe | [ckLBA}

e i D{E

Aroaies dieesbory: Ei }...-L‘:- 1
sl Purar fonss sy Mate ’ UZ.-AJ l.il .

i
:
ey
balsl_Feaf-am-1%
Felay wiEmTom_§1
s Ei" 'ﬁ;‘kr
'\r"'
€l
C 1

vaets o
Tamp. I8, F C f BG4 K

Axlae. Ealay LG00 ac
Fulne 45,1 dlirlll

.l!a. w096 gag

Widia aEsd, | He

st s

Prizd Nuesm“ BERATOE WHe
BT #lce JITER

Tutal time ¢ win

|
—-'H-a—ﬂ-fllu. | _—,-.-IIJ‘_,-. _!_ —

T T —r— ——_— -
] 5 4 3 z

1 -8 (1]

Figure S7. "H NMR spectrum of N-benzylhexahomotriaza-p-chloro-calix[3]-tri(ethyl
acetate) (2a, cone) in CDClj at 25 °C.

-

Figure $8. '"H NMR spectrum of N-benzylhexahomotriaza-p-chloro-calix[3]-tri(ethyl
acetate) (2b, partial cone) in CDCl; at 25 °C.
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Figure S9. 'H NMR spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (1) in CDCl; at 25 °C. Solvent and water peaks are
labeled as “S” and “W”, respectively.
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Figure S10. °C NMR spectrum of N-benzylhexahomo-triaza-p-chlorocalix[3]-
trinapthylamide (1) in CDCl; at 25 °C.
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Figure S11. COSY spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (1) in CDCl; at 25 °C.
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Figure S12. NOESY spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (1) in CDCl; at 25 °C.
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Figure S13. gHSQC spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (1) in CDCl; at 25 °C.
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Figure S14. gHMBC spectrum of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinapthylamide (1) in CDCl; at 25 °C.
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Figure S15. X-ray single crystal structure of N-benzylhexahomotriaza-p-
chlorocalix[3]-tri(ethyl acetate) (2a)

Figure S16. X-ray single crystal structure of N-benzylhexahomotriaza-p-
chlorocalix[3]-trinapthylamide (1)
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ABSTRACT

We report the synthesis of a novel Cs,-symmetrical N;-hexahomotriazacalix[3]cryptand (1). Compound 1 was shown to be in a fixed cone
conformation by '"H NMR spectroscopy and X-ray single-crystal structure determination. Complexation studies showed that 1 is a selective
receptor for halide ions. The effects of zinc metal cation on the receptor (1-Zn?) upon anion recognition are also shown.

Considerable attention has been paid to calixarenes and
related compounds due to the molecular recognition proper-
ties they display.! The name homoazacalixarene (or aza-
calixarene) is currently used to indicate in a specific manner

 Chulalongkorn University.

# Thammasat University at Rangsit.

§ ECPM.

(1) (a) Calixarenes 2001; Asfari, Z., Bhmer, V., Harrowfield, J., Vicens,
J., Eds.; Kluwer Academic Publishers: Dordrecht, 2001. (b) Calixarenes
in Action; Mandolini, L., Ungaro, R., Eds.; Imperial College: London, 2000.
(c) Lumetta, G. J.; Rogers, R. D.; Gopalan, A. S. Calixarenes for separation;
ACS Symposium Series; American Chemical Society: Washington, DC,
2000. (d) Gutsche, C. D. In Calixarenes Revisited, Stoddart, J. F., Ed.; The
Royal Society of Chemistry: Cambridge, 1998. (e) Calixarenes: a Versatile
Class of Macrocyclic Compounds; Vicens, J., Bhmer, V., Eds.; Kluwer
Academic Publishers: Dordrecht, 1991. (f) Gutsche, C. D. In Calixarenes;
Stoddart, J. F., Ed.; The Royal Society of Chemistry: Cambridge, 1989.
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the calixarene analogues in which CH, groups are partly or
completely replaced by CH,NRCH,.? The presence of soft
nitrogen atoms in azacalixarenes is envisioned to bind soft
cations such as transition metals according to the hard soft
acid and base principle (HSAB) as well as other specific
features such as building sophisticated receptors, metal ligand
systems, etc.?>¢ Indeed, such sophisticated ligands can be
obtained by functionalization not only at the upper rim and/
or lower rim, as usually done for calixarenes, but also within
the macrocycle cup at the level of N-sidearms.?

Some examples have been given leading to an improve-
ment of their ability to complex.’ In this paper, we have

(2) (a) Masci, B. In ref la, Chapter 12. (b) Takemura, H. J. Inclusion
Phenom. Macro. 2002, 42, 1698. (c) Takemura, H.; Shimmyozu, T.; Inazh,
T. Coord. Chem. Rev. 1996, 156, 183.



addressed the problem of complexation of anions and, more
generally, of ion pairs. Current efforts aim at developing
supramolecular systems that simultaneously bind both a
cation and an anion. Two strategies have been presented in
the literature: (1) the so-called “dual receptor strategy”
involving a binary mixture of a cation-receptor and an anion-
receptor* and (2) the so-called “ditopic receptor strategy”
consisting of a single ditopic receptor with defined cation-
and anion-binding sites.® With this in mind, we have chosen
azacalix[3]arene'*?"¢ to elaborate a novel ditopic receptor.
This choice was in part due to the fact that not only does
their chemistry have a high potential to be developed for
ditopic receptors but also their structural C;, symmetry
accompanied by a hydrophobic cavity wider than that of
calix[4]arene is also able to accept large substrates.

In this paper, we report the synthesis, the conformational
analysis, the X-ray crystal structure, and the binding proper-
ties of Cs,~symmetrical N;-hexahomotriazacalix[3]cryptand
or N7-azacalix[3]cryptand (1).

Scheme 1. Preparation of N;-Azacalix[3]cryptand (1)

Br/\[rOMe
o]
NaH, THF, DMF

~

N

NN

NH HN HN
NH. NH
_AN

P SR

2a (16%) 1 (52%)
2b (partial cone conformation, (33%))

Our first idea was to design a preorganized receptor for
anion binding. N;-Azacalix[3]cryptand (1) combines a Cs,~
symmetrical N-benzylhexahomotriaza-p-chlorocalix[3]arene
element and a 3-fold symmetric tren residue® via an amida-
tion reaction. This combination result is a system that can
bind anions through hydrogen bonding with primary aceta-
mide groups. The synthesis of 1 (Scheme 1) began by the
reaction of N-benzylhexahomotriaza-p-chlorocalix[3]arene

(3) (a) Hampton, P. D.; Tong, W.; Wu, S.; Duesler, E. N. J. Chem. Soc.,
Perkin Trans. 2 1996, 1127. (b) Thury, P.; Nierlich, M.; Vicens, J.;
Takemura, H. J. Chem. Soc., Dalton Trans. 2000, 279. (c) Thury, P.;
Nierlich, M.; Vicens, J.; Takemura, H. Polyhedron 2000, 19, 2673. (d) Thury,
P.; Nierlich, M.; Vicens, J.; Takemura, H. Polyhedron 2001, 20, 3183.

(4) Recent examples of dual receptor systems: (a) Byriel, K. A
Gasperov, V.; Gloe, K.; Kennard, C. H. L.; Leong, A. J.; Lindoy, L. F.;
Mahinay, M. S.; Pham, H. T.; Tasker, P. A.; Thorp, D.; Turner, P. J. Chem.
Soc., Dalton Trans. 2003, 3034. (b) Cafeo, G.; Gargiulli, C.; Gattuso, G.;
Kohnke, F. H.; Notti, A.; Occhipinti, S.; Pappalardo, S.; Parisi, M. F.
Tetrahedron Lett. 2002, 43, 8103. (c) Cafeo, G.; Gattuso, G.; Kohnke, F.
H.; Notti, A.; Occhipinti, S.; Pappalardo, S.; Parisi, M. F. Angew. Chem.,
Int. Ed. 2002, 41, 2122. (d) Qian, Q.; Wilson, G. S.; Bowman-James, K.;
Girault, H. H. Anal. Chem. 2001, 73, 497. (e) Kavallieratos, K.; Moyer, B.
A. Chem. Commun. 2001, 1620. (f) Kavallieratos, K.; Sachleben, R. A.;
Van Berkel, G. J.; Moyer, B. A. Chem. Commun. 2000, 187.

1562

with 3 equiv of BrCH,CO,Me and 7 equiv of NaH as base
in THF for 2 days. Column chromatography (silica gel, 90/
10 hexane/ethyl acetate) of the crude residue gave two
N-benzylhexahomotriaza-p-chlorocalix[3]tri(methyl acetate)
isomers: 2a (deep yellow oil, 16%) and 2b (pale yellow
solid, 33%). Based on 'H NMR, IR, and MS spectrocopies,
2a was shown to be in a cone conformation while the partial-
cone conformation was attributed to 2b. Compound 2a was
refluxed with 3 equiv of N(CH,CH,NH>); or tren in a 1:1
mixture of methanol/toluene for 5 days to afford N;-azacalix-
[3]eryptand (1) in 52% yield.

MALDI TOF MS, '"H NMR, *C NMR, 2D NMR (COSY,
gHSQC and gHMBC), and elemental analysis fully con-
firmed the structure of N;-azacalix[3]cryptand (1). The cone
conformation was demonstrated by 'H NMR and X-ray
analysis. In its "H NMR spectrum (Figure 1a), the azacalix-
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Figure 1. '"H NMR spectra (400 MHz, CDCl;): (a) N;-azacalix-
[3]cryptand (1), (b) 1DF~, (¢) 1DCI7, (d) 1DBr~, and (e) 121
complexes obtained upon addition of NBuy X~ (10 equiv) into a
CDCl; solution of 1. ¥: signals of 1DX™. *: signals of NBuy™.
Residual solvents and partially protonated water are labeled as “S”
and “W?”, respectively.

[3] macroring was deduced to be in cone conformation due
to the presence of only one singlet at 3.63 ppm for the

(5) For recent papers that discuss ditopic salt-binding receptors, see the
following: (a) Tumcharern, G.; Tuntulani, T.; Coles, S. J.; Hursthouse, M.
B.; Kilburn, J. D. Org. Lett. 2003, 5, 4971. (b) Kotch, F. W.; Sidorov, V.;
Lam, Y. F.; Kayser, K. J.; Li, H.; Kaucher, M. S.; Davis, J. T. J. Am. Chem.
Soc. 2003, 125, 15140. (c) Bourgeois, J.; Fujita, M.; Kawano, M.; Sakamoto,
S.; Yamaguchi, K. J. Am. Chem. Soc. 2003, 125, 9260. (d) Tongraung, P.;
Chantarasiri, N.; Tuntulani, T. Tetrahedron Lett. 2003, 44, 29. (e) Zhou,
L.; Sun, H.; Li, H.; Wang, H.; Zhang, X.; Wu, S.; Lee, S. Org. Lett. 2004,
6, 1071. (f) Plieger, P. G.; Tasker, P. A.; Galbraith, S. G. J. Chem. Soc.,
Dalton Trans. 2004, 313.
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(b) side view

Figure 2. ORTEP drawing of N;-azacalix[3]cryptand (1). The
displacement ellipsoids are drawn at the 50% probability level.

ArCH,N protons showing the retained C3, symmetry of the
molecule. X-ray single crystallographic analysis’ clearly
revealed that 1 was in a cone conformation (see Figure 2).
They mutually interact outside the cavity to furnish a unique

(6) Some examples are already known of “tripod-aza” receptor molecules
combining calix units and tren: (a) Abidi, R.; Oueslati, I.; Amri, H.; Thuéry,
P.; Nierlich, M.; Asfari, Z.; Vicens, J. Tetrahedron Lett. 2001, 42, 1685.
(b) Tuntulani, T.; Thavornyutikarn, P.; Poompradub, S.; Jaiboon, N.;
Ruangpornvisuti, V.; Chaicahit, N.; Asfari, Z.; Vicens, J. Tetrahedron 2002,
58, 10277. (¢) Tuntulani, T.; Poompradub, S.; Thavornyutikarn, P.; Jaiboon,
N., Ruangpornvisuti, V.; Chaicahit, N.; Asfari, Z.; Vicens, J. Tetrahedron
Lett. 2001, 42, 5541. (d) Tuntulani, T.; Ruangpornvitusi, V.; Tantikun-
watthara, N.; Ngampaboonsombut, O.; Seangprasertkij-Magee, R.; Asfari,
Z.; Vicens, J. Tetrahedron Lett. 1997, 38, 3985. (e) Jabin, I.; Reinaud, O.
J. Org. Chem. 2003, 68, 3416. (f) Darbost, U.; Zeng, X.; Rager, M.-N;
Giorgi, M.; Jabin, I.; Reinaud, O. Eur. J. Inorg. Chem. 2004, 4371.

(7) X-ray data were collected on a Bruker SMART CCD area detector.
The crystal structure was solved by direct methods and refined by full-
matrix least-squares. All non-hydrogen atoms were refined anisotropically,
and hydrogen atoms were refined using the riding model. All calculations
were performed using a crystallographic sotware package, WinGX v1.64.05.14
Crystal data for 1: M, = 1095.3, monoclinic, space group P2\/n, a =
13.297(2) A, b = 19.191(3) A, ¢ = 23.602(5) A, B = 97.599(1)°, V =
5969.82(8)%, Z = 4, peaic = 1.120 g cm™3, 20max = 57.4°, Mo Kat (4 =
0.71075), « = 0.71 cm™!, O—w scans, T = 293(2) K, 42, 269 independent
reflections, 16,815 observed reflections (I > 3.00(1)), 340 refined paramaters,
Ry = 0.092, Ry, = 0.136, Apmax = 2.38 €73, Apmax = —2.26 ¢73; CCDC
292414. See the Supporting Information for crystallographic data in CIF
format.
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crytal structure stabilized by intermolecular CH/CI hydrogen
bond interactions (see Figure S11 in the Supporting Informa-
tion).

The ability of 1 to include anions was investigated by 'H
NMR spectroscopy. CDCl; solutions of 1 were reacted with
10 equiv of tetrabutylammonium halides (NBuy X ™). All of
the resulting "H NMR spectra (see Figure 1b—e and Table
S1 in the Supporting Information) displayed peaks shifts of
OCH,CO, NCH,Ar, and NCH,CH, toward downfield. This
implies the formation of endo complexes while keeping the
Cs, symmetry of the free ligand. Moreover, the signals of
aromatic protons of benzyl moieties also displaced in the
same manner, which may be due to a conformational
organization.

The binding abilities of X~ by 1 were evaluated in DMSO
by UV—vis spectroscopy (see Figure S1 in the Supporting
Information). In all cases, hypochromic shifts were observed
upon addition of NBu, X~ into solutions of 1. The stoichi-
ometries and stability constants of the complexes were
refined by the SIRKO?® program and are summarized in Table
1. It can be seen that 1 prefers to complex halide anions

Table 1. Stability Constants (log §)¢ of N;-Azacalix[3]cryptand
(1) Complexes with Anion in DMSO by UV—vis Titration
Method (T = 25 °C, I = 0.01 M BuyNPF)

anions log B (M™1) % FAP
F- 2.78 (0.01) 40.80
Cl~ 4.55 (0.03)° 1.38
Br~ 3.97 (0.01) 4.97
I~ 2.72 (0.01) 43.87
NOs~ 1.77 (0.01) 89.87
ClO4™ undetermined
CH3COO~ 2.92 (0.01),66.06(0.01)¢ 0.03
PhCOO- 2.36 (0.06),°6.26(0.01)7 0.04

4 Mean values of n = 3 independent determinations, with standard
deviation ¢, on the mean in parentheses. ? Percentage of various free
halide anion at Cr, Cx = 107> M.  1:1 complex (AL). ¢2:1 complex (A,L).

over CH3;COO~, PhCOO~, NO;~, PFs7, and ClO4~ by
forming 1:1 complexes.

Anion selectivity of 1 was obtained (as percentage of
various free halide anion (% FA) (Table 1 and Figure S3 in
the Supporting Information) by calculations using the Hal-
tafall program.® For the halide ions, it may be concluded
that 1 prefers to bind CI~ > Br~ > I~ > F~. This implies
that the cavity size of receptor 1 is suitable for complexation
with C1~. Though the NO;~ ion (1.79 A) has a similar size
compared with the Cl~ ion (1.81 A), the satibility constant
of the NOs~ complex is inferior to that of CI~. This can be
explained by the ease of orientation of the anion inside the
rigid cavity of receptor 1 to form hydrogen bonds with amide
groups.

(8) Vetrogon, V. L.; Lukyanenko, N. G.; Schwing-well, M. J.; Arnaud-
Neu, F. Talanta 1994, 41, 2105.

(9) (a) Ingri, N.; Kakolowicz, W.; Sillen, L. G.; Warnqvist, B. Talanta
1967, 14, 1261. (b) Lamb, J. D.; Chrisstensen, J. L.; Izatt, S. R.; Bedke,
K.; Astin, M.; Izatt, R. M. J. Am. Chem. Soc. 1980, 102, 3399.
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Table 2. Stability Constants (log )* of 1-Zn?>T Complexes
with Anion in DMSO by UV —vis Titration Method (7 = 25 °C,
7=10.01 M Bu,NPFy)

anions log B/ (M™1) % FAP
F- 3.41 (0.08)¢ 15.31
Cl~ 3.58 (0.07) 11.09
Br- 4.33 (0.03)° 2.26
I- 2.92 (0.05) 33.94

9 Mean values of » = 3 independent determinations, with standard
deviation 0,—1 on the mean in parentheses. ? Percentage of various free
halide anion at Cp, Co = 1073 M. ¢ 1:1 complex (AL).

For CH;COO~ and PhCOO™ anions, two species of
complexes (1:1 and 2:1 (anion/ligand)) were obtained leading
to the lower percentages of free halide anion (% FA). This
implies that the complexation may occur in an exo fashion.

As it was reported that the azacalix[3]arene can bind soft
cations such as transition metals®™¢ which can enhance anion
binding by electrostatic force, we decided to check the effects
of Zn>* on anion complexation of 1. In the presence of Zn>",
hypochromic shifts increased in cases of F~, Br™, and I~
complexes while they decreased in the case of Cl~, leading
to incremental stability constants of halide complexation

1564

except for Cl~ (Table 2). This can be rationalized in the
following manner: upon addition of Zn?>*, one can assume
that the Zn?* binds to the azacalix[3]arene part of 1 to give
rise to a 1+Zn*" complex which is positively charged and
thus increases the stability constants of 1-Zn**/X~ by
electrostatic interactions.® In the case of Cl-, the electronic
interaction between Zn**and C1~ may reduce the hydrogen
bond interaction between 1 and Cl-, which leads to a
decrease of the stability constant.
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Developing highly selective and sensitive chemical sensors is a challenge with respect to new materials
for chemical recognition. In this study, a new conjugated polymer network precursor, hexahomotri-
azacalix[3]arene—carbazole has been synthesized and electrochemically cross-linked to form ultrathin
films using cyclic voltammetry. The incorporation of hexahomotriazacalix[3]arene moiety as a neutral
cation-binding receptor into a conjugated polycarbazole network facilitates high selectivity and sensitivity
for Zn*". The ultrathin films were characterized spectroscopically using UV—vis absorption and
fluorescence spectroscopy. Surface morphology properties were examined by atomic force microscopy.
Electrochemical deposition parameters and sensor transduction was studied by an electrochemical quartz
crystal microbalance, surface plasmon resonance spectroscopy, and open-circuit potentiometry techniques.
The results indicate that the high selectivity and sensitivity for Zn>" compared to those of other cations
is due to the combined size and dipole specificity of the azacalixarene unit and nonspecific ionic interaction
with the redox couple of the conjugated polycarbazole units.

Introduction

The basic recognition element of a chemical sensor is
essentially a molecular or macromolecular structure designed
to recognize a specific analyte. The binding or complexation
constant, Ky, of the analyte is dependent on the strength
of noncovalent interaction and accessibility to this structure.
A high surface area is also a factor as it affects the diffusion
kinetics of the analyte to the binding site. In the presence of
a conducting (;r-conjugated) polymer, a polymeric chemosen-
sor system can be made electrochemically active, electrically
conducting, and fluorescent, depending on the structure of
the polymer, mode of electric field application, and wave-
length excitation. Thus, it is not necessary for the receptor-
analyte unit of the polymeric chemosensor to have an
inherently high K,,. Only partial occupancy of the recogni-
tion site may be required for signal transduction since the
conjugated polymer also contributes to signal amplification
and improved sensitivity.'

A number of well-investigated s-conjugated polymers
such as polythiophenes, polypyrroles, polyanilines, etc. have
been used successfully for sensor and device applications.?
As a class of semiconducting polymers, polycarbazoles
possess good electroactivity and useful thermal, electrical,
and photophysical properties which have led to there use in

* Authors to whom correspondence should be addressed. E-mail: radvincula@
uh.edu (R.A.); buncha.p@chula.ac.th (P.B.).

" University of Houston.

¥ Chulalongkorn University.
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Lough, A. J.; Notti, An.; Pappalardo, S.; Parisi, M. F. J. Org. Chem.
1999, 64, 5876.

10.1021/cm800284h CCC: $40.75

redox catalysis, electrochromic displays, electroluminescent
devices, and sensors.? For example, polycarbazole has been
used to develop copper(Il) ion-selective microelectrochemical
transistors** and L-dopa-selective sensors*® due to its neg-
ligible sensor response hysteresis and greater chemical and
thermal stability compared to other conducting polymers.*

Calixarenes have received significant attention for the
construction of molecular receptors due to their unique
molecular recognition properties and ease of functionaliza-
tion.> The size of the macrocyclic cavity and the presence
of ion—dipole interactions with the heteroatoms can be made
specific for a particular ion. Substituents to the calixarene
can further control the size and specificity of the cavity
through conformational change (torsional) and electronic
effects. In recent years, oxacalixarenes and azacalixarenes
have been developed as part of a class of compounds called
expanded calixarenes.® The azacalixarenes, which have
nitrogen atoms in the macrocyclic ring, could provide
additional binding sites for many types of cations. Specifi-
cally, the azacalix[3]arenes have been shown to serve as

(2) (a) Richard, D. M. Adv. Mater. 1998, 10, 93. (b) Roncali, J. J. Mater.
Chem. 1999, 9, 1875. (¢) Janata, J.; Mira, J. Nat. Mater. 2003, 2, 19.
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366.

(3) (a) Mallouk, T. E.; Gavin, J. A. Acc. Chem. Res. 1998, 31, 209. (b)
Crooks, R. M.; Ricco, A. J. Acc. Chem. Res. 1998, 31, 219.

(4) (a) Rani, V.; Santhanam, K. S. V. J. Solid State Electrochem. 1998,
2, 99. (b) Kawde, R. B.; Laxmeshwar, N. B.; Santhanam, K. S. V.
Sens. Actuators B 1995, 23, 35. (c) Choudhury, S.; Saxena, V.; Gupta,
S. K.; Yakhmi, J. V. Thin Solid Films 2005, 493, 267.
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Rev. 1997, 97, 1713. (c) Vigalok, A.; Zhu, Z.; Swager, T. M. J. Am.
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Mater. 2002, 14, 368.
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Scheme 1. Synthesis and Electrochemical Polymerization (Cross-linking) of p-Chloro-N-benzylhexahomotriazacalix[3]-tri(buthyl car-
bazole) or Monomer
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highly selective receptors for both cations®®* and anions.’
Halide anion selectivity can be tuned by first complexing a
cation with bridged nitrogen atoms inside the macrocycle.’

With the aim of preparing a new class of chemical
recognition elements for sensors, we have synthesized
hexahomotriazacalix[3]arene-carbazole as a precursor for the
formation of conjugated polymer networks (CPN). To the
best of our knowledge, there has been no report on the use
of azacalix[3]arene in partial-cone conformation combined
with polycarbazoles in a chemical sensor material system.
By electropolymerization, these precursors can be deposited
as ultrathin films on Au and indium tin oxide (ITO) electrode
substrates. This electrochemical process results in the forma-
tion of a CPN due to the inherent intermolecular and
intramolecular reactivity of pendant carbazole units.® The
films were characterized by UV —vis spectroscopy, fluores-
cence spectroscopy, and atomic force microscopy (AFM).

(6) (a) Calixarenes 2001; Asfari, Z., Bhmer, V., Harrowfield, J., Vicens,
J., Eds.; Kluwer Academic Publishers: Dordrecht, 2001. (b) Takemura,
H. J. Inclusion Phenom. Macro. 2002, 42, 1698. (c) Takemura, H.;
Shimmyozu, T.; Inazh, T. Coord. Chem. Rev. 1996, 156, 183. (d)
Hampton, P. D.; Tong, W.; Wu, S.; Duesler, E. N. J. Chem. Soc.,
Perkin Trans. 1996, 2, 1127. (e) Thury, P.; Nierlich, M.; Vicens, J.;
Takemura, H. J. Chem. Soc., Dalton Trans. 2000, 279.

(7) Kaewtong, C.; Fuangswasdi, S.; Muangsin, N.; Chaichit, N.; Vicens,
J.; Pulpoka, B. Org. Lett. 2006, 8, 1561.

(8) (a) Taranekar, P.; Baba, A.; Fulghum, T. M.; Advincula, R. Macro-
molecules 2005, 38, 3679. (b) Baba, A.; Onishi, K.; Knoll, W.;
Advincula, R. J. Phys. Chem. B 2004, 108, 18949. (c) Taranekar, P.;
Fulghum, T. M.; Baba, A.; Patton, D.; Advincula, R. Langmuir 2007,
23, 908.

The electrochemical and sensing properties were investigated
in conjunction with various electrochemically hyphenated
optical and acoustic techniques, e.g., electrochemical quartz
crystal microbalance (EC-QCM), electrochemical surface
plasmon spectroscopy (EC-SPR), and open-circuit potenti-
ometry. It is believed that the partial-cone conformation of
azacalix[3]arene allows a gain in the kinetic binding property,
with its selectivity remaining intact with electropolymeriza-
tion, leading to a high specificity for Zn**.

Results and Discussion

Synthesis. The synthesis of monomer 1 Scheme 1 was
completed by reacting  N-benzylhexahomotriaza-p-
chlorocalix[3]arene®® with 3.5 equiv of 9-(4-bromobutyl)-
9H-carbazole and 3.5 equiv of NaH as base in THF/DMF
solution for 2 days. Column chromatography (silica gel, 90/
10 hexane/ethyl acetate) was used to afford monomer 1 in 10%
yield. The carbazole-functionalized hexahomotriazacalix-
[3]Jarene monomer was then characterized by FT-IR, 'H
NMR, 3C NMR, and MALDI-TOF MS as summarized in
the Experimental Section.

It was found that hexahomotriazacalix|3]-tricarbazole 1 was
fixed as a partial-cone conformation as evidenced by the
presence of two triplet —CH—,caix aromatic peaks at 7.04 ppm
(J =72 Hz) and 7.01 ppm (J = 7.2 Hz) and multiplet peaks
of —NCH,Ar— at 3.78—3.00 ppm in the '"H NMR spectrum.
The >C NMR spectrum also gave evidence of the changes,
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consistent with the previous study from a cone conformation
spectlrum,7 ie., “OCH,CH,— showed two peaks (75.0, 74.7
ppm) and the —C— of the aromatic azacalix split into three
peaks (135.0, 134.0, and 133.5 ppm).

Electropolymerization of p-Chloro-N-benzylhexaho-
motriazacalix[3]-tri(buthyl carbazole). Electropolymeriza-
tion by cyclic voltammetry (CV) is a widely used method
for preparing polycarbazole (PCBz) films.”'® To test the
ability to form network ultrathin films, monomer 1 was
electropolymerized and deposited on three working elec-
trodes: plain gold-coated glass substrate, CBzC11SH (thiol-
undec-9H-carbazole) (4) self-assembled monolayer (SAM)
coated gold substrate, and ITO substrate. All the CV trace
diagrams of monomer 1 deposited onto the different sub-
strates are also shown in Figure S3 (Supporting Information).
Deposition on a bare gold-coated slide was first attempted.
The current increase was low and the CV was not well-
behaved. When the 4 SAMs coated gold substrate was used
(Figure la), the monomer was shown to be electropolymer-
ized anodically at 1.0 V. After several cycles, the oxidation
and reduction peaks were observed at 0.85 and 0.77 V,
respectively. The current was low on the first cycle but
increased in the second and slightly changed with further
cycles. Thus, compared to the bare—Au electrode, more
material was deposited on this 4 coated gold substrate based
on a higher current increase at 0.85 V. On the other hand,
the best films were obtained when ITO was used as the
electrode—substrate with an applied potential window from
0 to 1.3 V (Figure 1b) (electropolymerization was initially
attempted with applied potential up to 1.5 V, Figure S3).
The linear increase in the oxidation current and high cyclic
reversibility is indicative of uniform film growth. The anodic
current trace splits into two peaks with further cycles. At
the first cycle, the broad anodic peak is centered at 0.90 V
and the reduction peak is at 0.75 V. When the eighth cycle
was reached, two consecutive anodic peaks centered at 0.85
and 0.96 V became more pronounced. The two anodic
current peaks can be assigned to the doping with anions into
the polymerized carbazole from the electrolyte solution and
oxidation of the remaining carbazole monomer, leading to
radical cation species.® This is reasonable because only one
reduction peak is observed, which decreases from 0.75 to
0.71 V. Thus, the reduction from the previously oxidized
but un-cross-linked species may be the source of this peak.
Dedoping may also be involved in this reduction process
but is not favored considering polycarbazole is a p-type
semiconductor polymer.

Morphology Studies. The morphology before and after
electropolymerization on the ITO, gold-coated slides and 4
SAM coated gold substrates were characterized by AFM

(9) (a) Kuwabara, Y.; Ogawa, H.; Inada, H.; Nona, N.; Shirota, Y. Adv.
Mater. 1994, 6, 667. (b) O’Brien, D. F.; Burrows, P. E.; Forrest, S. R.;
Koene, B. E.; Loy, D. E.; Thompson, M. E. Adv. Mater. 1998, 10,
1108. (c) Koene, B. E.; Loy, D. E.; Thompson, M. E. Chem. Mater.
1998, 10, 2235. (d) Thomas, K. R. J.; Lim, J. T.; Tao, Y. T.; Ko,
C. W. J. Am. Chem. Soc. 2001, 123, 9404. (e) Li, J.; Liu, D.; Li, Y.;
Lee, C. S.; Kwong, H. L.; Lee, S. Chem. Mater. 2005, 17, 1208.

(10) (a) Liu, B.; Yu, W. L.; Lai, Y. H.; Huang, W. Chem. Mater. 2001,
13, 1984. (b) Xia, C.; Advincula, R. C. Macromolecules 2001, 34,
5854. (c) Stephen, O.; Vial, J.-C. Synth. Met. 1999, 106, 115.
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Figure 1. Cyclic voltammograms of the electrochemical cross-linking/
deposition of PC-CBz at a scan rate of 50 mV/s, 8 cycles: (a) deposited
material on 4 coated gold substrates and (b) deposited material on ITO
substrates.

(Figure 2). All the other AFM images are shown in Figures
S4 and S5 (Supporting Information). PC-CBz was electropo-
lymerized for 8 cycles at a range of 0—1.0 V with a scan
rate of 50 mV/s in 0.1 M TBAPFs/anhydrous CH,Cl, as
electrolyte (WE, gold-coated slide; CE, Pt wire; RE, Ag/
AgCl wire). In the case of direct deposition on unfunction-
alized gold substrate, the morphology was found to be more
similar to that of bare gold, indicating a very small quantity
was deposited. When 4 SAM coated gold was used, the
morphologies are relatively rough (rms roughness = 15 nm)
(Figure 2a, b). It implied that the deposition of the precursor
material was achieved better on 4 coated gold substrates but
were not as uniform as expected. The nucleation of 4 SAM
may play a very important role during the polymerization,
as suggested from a previous report on polythiophene
electrodeposition.'! For the ITO substrates, a highly uniform
morphology (rms roughness = 7 nm) was observed with
applied potentials from O to 1.3 V (Figure 2c, d). However,
in the case of higher applied potential (up to 1.5 V), the
polymer films tended to give a rougher and patchy film (but

(11) Kang, J. F.; Perry, J. D.; Tian, P.; Kilbey, S. M. Langmuir 2002, 18,
10196.
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Figure 2. 2D (a, c¢) and 3D (b, d) AFM images of PPC-CBz electropolymerized at 50 mV/s in TBAPFs/CH,Cl, electrolyte (CE, Pt wire; RE, Ag/AgCl wire):
on the 4 coated gold substrate (WE) (rms roughness = 15 nm) (a, b) and on the ITO substrate (WE) (rms roughness = 7 nm) (c, d).

complete coverage) as shown in Figure S5 (Supporting
Information).

Spectroelectrochemistry. Spectroelectrochemical mea-
surements were performed using a previously described
setup.'? The spectroelectrochemical measurement of PPC-
CBz was performed to investigate the cross-linking polym-
erization process in situ and the presence of polaronic states
associated with the formation of a more conjugated polymer.
The in situ UV—yvis absorption spectra of PC-CBz were
measured simultaneously with electropolymerization in a 0.1
M TBAPF¢/CH,Cl, solution as electrolyte (WE, ITO; CE,
Pt wire; RE, Ag/AgCl) at a scan rate of 50 mV/s. Figure 3
shows the extended appearance of the 7—s* transition peak
and a shoulder at 445 nm, which is attributed to polycarba-
zole."® The broad peak centered at 950 nm can be assigned
to the polaronic and bipolaronic bands originating from the
formation of the conjugated polycarbazole species and their
complexed ion redox couple with hexafluorophosphate ions.
From the spectra, the peaks at 445 and 950 nm were tracked
and showed a linear increase with increasing CV cycles,
indicating an even deposition of the polymer.

In addition to the electronic absorption properties, the
fluorescence emission properties of polycarbazole further

(12) Tran-Van, F.; Chevrot, C. Electrochim. Acta 2002, 47, 2927.

(13) (a) Buttry, D. A. In Electroanalytical Chemistry; Bard, A. J., Ed.;
Marcel Dekker: New York, 1991; Vol. 17, p 1. (b) Taranekar, P.;
Baba, A.; Fulghum, T.; Advincula, R. Macromolecules 2005, 38, 3679.

confirmed the cross-linking reaction.'* It was found that the
azacalix[3]arene—carbazole precursor shows different fluo-
rescence spectra before and after cross-linking. The fluores-
cence peak of the carbazole units present on PC-CBz was
observed at 370 nm (Figure 3b) (film). After electropoly-
merization, this peak is quenched in the case of the solid
state PPC-CBz film, where a new peak arises at 390 nm
attributed to the formation of polycarbazole. This was also
observed previously as in the case of CBz functionalized
polybenzyl ether dendrimers in solution and solid-state
carbazole containing polystyrenic CPN films."*

Sensing Selectivity and Sensitivity: Potentiometric
Measurements. The sensing selectivity and sensitivity
studies were first investigated by open-circuit potentiometry
(an electrochemical cell potential set at zero current). The
changes in potential (AE) were recorded simultaneously as
a function of time at constant zero-current voltage. The
experiment also tracks the redox state of the polymer since
it can be influenced by either introducing an electric charge
or adding a reagent (analyte) which interferes with the redox
equilibrium. The selectivity studies by potentiometry were
first performed using the electrochemically cross-linked PPC-
CBz film on ITO against 10~° M of the various cations (0.01
M TBACI is present as supporting electrolyte).

(14) Taranekar, P.; Park, J.-Y.; Patton, D.; Fulghum, T.; Ramon, G. J.;
Advincula, R. Adv. Mater. 2006, 18, 2461.
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Figure 3. (a) Spectroelectrochemical analysis performed in 0.1 M TBAPFg/
CH,Cl, of PC-CBz, growth of the 445 and 950 nm peaks during
electrodeposition of PPC-CBz, spectra taken in situ at 0 V during each CV
cycle and (b) fluorescence spectra before and after electropolymerization
of PC-CBz which are taken at the excitation wavelength A = 320 nm.

As shown in Figure 4a, the highest selectivity (biggest
change in AE of up to —0.06 V) was observed from Zn>"
compared with those of other cations. A priori, this may
be due to the exact size and fit of the Zn>" cation on the
azacalix[3]arene, steric effect from the polymer backbone
and hard—soft acid and base principle (HSAB).® The
presence of the nitrogen atoms (soft) in azacalix[3]arenes
allows them to bind soft cations (such as transition
metals).(’e’7 However, our previous work” has shown that
the azacalix[3]arene template can be made specific for
Zn*" ions in organic solution. Thus, by design, the
hexahomotriazacalix[3]-tri(buthylcarbazole) was made to
be specific for the Zn>" cations compared to the other
transition metals. In this case, the conductivity of the
cross-linked polymer may increase with binding of the
Zn>" cations to the azacalix[3]arene pocket. This seemed
to be readily achieved at 10~® M where the other cations
have little effect on the potential change since they did
not have an exact fit on the azacalix[3]arene units and
thus showed little deviation from the zero-current potential.

In general for the Zn*" cations, after the lowest concentra-
tion (107® M), the AE did not decrease much over time
(Figure 4b). For the other concentrations, the potential
decreases in the first 100 s, followed by a gradual increase
until it reaches a steady state. This is generally observed for
all the other cations at higher concentrations (10> to 10>
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Figure 4. Potentiometric profiles of PPC-CBz on ITO in 0.01 M TBACI
aqueous solution: (a) various cation analytes and (b) various concentrations
of Zn>". Plotted data are within 5% deviation from several measurements.

M) (see Figure S6, Supporting Information). This indicates
that the decrease of potential at 10~® M of the cations over
time is primarily due to the first cations being encapsulated
in the cavity of azacalix[3]arene through cation—dipole
interaction. With increasing concentrations, the limited
amount of the cavities does not allow further encapsulation
and therefore cations are free to complex with other species
in the polymer backbone, i.e., driven by the interaction
between the cations with doped anions (C1™ and PFs ) along
the extended sr-conjugated polymer backbone. Thus, the
potentiometric changes can be attributed to the increasing
interference of the Zn>" on charged species in the polymer
such as polarons and bipolarons along with their neutralizing
counterions which are independent species.

Clearly, on the basis of the potentiometric measurements
in the presence of 10~° M cations, the Zn?>' showed the best
performance in terms of selectivity and sensitivity compared
to the other cations. However, there is a need to further
explain this phenomenon of the AE change beyond the
HSAB principle and the presence of other independent ionic
species in the polymer. The basic premise is that the other
ions when not bound to the azacalix[3]arene cavity via a
cation—dipole interaction are primarily involved with ion
pairing on the doped conjugated polymer, i.e., cation—x
interaction between cations and s-extended conjugated
polymer.

To begin with, the observed behavior can be correlated
with the effect of charge-carrier properties on a conjugated
polymer, i.e., hole transport and electron transfer properties
of the polycarbazole to the cations. There are two explana-
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Scheme 2. Two Explanations for the Potential Changes after the Addition of Different Cations®
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tions for the potential changes after the addition of different
cations along with different concentrations: (1) One can first
consider the contribution of electron transfer from the lone
pair of nitrogen on the azacalix[3]arene moiety to the
conjugated polymer backbone. This was confirmed by
studying the complexation of protons with the azacalix[3]arene
(see Figure S6a, Supporting Information). As shown in
Scheme 2a, protonation of nitrogen (ammonium formation)
induces less efficiency for electron transfer to the polycar-
bazole. As a consequence, fewer holes can be generated and
thus less conductivity enhancement or a smaller potential
decrease would be expected, which is indeed the case. (2)
The other consideration is based on hole transport throughout
the whole polymer network in a three-dimensional manner.
Since the Zn** are complexed in the azacalix[3]arene cavities
by ion—dipole interaction as shown in Scheme 2b, the holes
not only move along the polymer backbones but also hop
through the cations to improve the hole transport pathways
between chains.'>® The other effect to consider is the
competition with the free ions (overall ionic strength) and
the ions bound on the doped polymer. With increasing
concentration of the cations, the ion—ion and cation—m
interactions increases and begin to reside proximal to the
polymer backbones, pairing with the anions (C1™ and PFs )
on the doped sequences of the polymer. Thus, they tend to
decrease the doping level of the polymer films by removing
the anions paired to the polymer backbone and thus the
stabilization of ;r-extended conjugated polymer chains.

Consequently, the net potential shift is attributed to the
competition of these two effects. The flux of the cations into
the polymer films may proceed in two steps: at first they
diffuse into the polymer and selectively bind with the
azacalix[3]arene cavities, which enhances the conductivity.
If all the cavities have been filled up, the cations would
slowly disperse to the sequences occupied by the dopants,
which interrupts the polymeric conjugation and decreases
the hole mobility.

In principle, the conductivity of conjugated polymers can
be fine-tuned by changing charge transport pathways. Previ-
ous studies'® correlated that the three-dimensional connectiv-
ity for bipolaron migration was caused by the close contact
between planar s-extended polymers which efficiently
promote an interstrand charge hopping mechanism and
consequently facilitates charge delocalization. On the other
hand, the minimization of cross-communication of the
conjugated polymer backbones can remarkably change the
conductivity profile by reducing the dimensionality of charge-
transporting pathways.'® As a control experiment, 9-(4-(9H-
carbazol)-9H-carbazole (8) was used. The data showed only
a little change in AE as shown in Figure S7 (Supporting
Information) at —0.004 V compared to —0.06 V in the
absence of the azacalix[3]arene units.

Spectroelectrochemical studies were also performed to
support the order of cation sensitivity and selectivity. As
expected, the addition of 107> M cations into the cell
containing the films resulted in different changes in the
absorption spectra. The blue shift (*45 nm) from 455 nm
to 405 nm and 950 nm to 910 nm upon the addition of Ni**,
Cu®", Cd**, and Hg?" suggests that conjugation of the
polycarbazole indeed decreased, consistent with the above
discussion in the potentiometric measurements. However,
little change in the absorption spectra of 1 was observed upon
the addition of Zn** and Co*" and can be attributed primarily
to an allosteric effect. This suggests that the Zn>" and Co*"
ions are primarily bound in the cavity of azacalix[3]arene
by cation—dipole interaction. This was also confirmed by
the addition of protons. As can be seen from Figure 5, there
is a slight blue shift with protons primarily bound on the
nitrogen of azacalix[3]arene, but the interference is much
weaker than the metal ions, maintaining the polymeric

(15) (a) Zhu, S. S.; Swager, T. M. J. Am. Chem. Soc. 1997, 119, 12568.
(b) Lee, D.; Swager, T. M. J. Am. Chem. Soc. 2003, 125, 6870.

(16) (a) Miller, L. L.; Mann, K. R. Acc. Chem. Res. 1996, 29, 417. (b)
Cornil, J.; Beljonne, D.; Calbert, J.-P.; Brédas, J.-L. Adv. Mater. 2001,
13, 1053.
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Figure 5. UV —vis absorption spectrum of PPC-CBz films upon the addition
of different cations with the concentration 10~ M on ITO substrates.

conjugation to a large extent. From the Co®" spectrum, this
may imply that Co®" ion may compete with Zn>" for the
azacalix[3]arene specificity. However, the blue shift (~10
nm) from 450 to 440 nm occurred upon the addition of Zn>"
in the control experiment (Figure S7b). From this data, the
blue shift can be explained by cation—u interactions between
the cations and the conjugated polymers.

Additionally, we used a combined electrochemistry and
quartz crystal microbalance method (EC-QCM) to confirm
the sensitivity and selectivity of PPC-CBz. This method is
very informative for probing mass-transport processes in thin
films."? The mass deposition per cycle was measured during
electropolymerization and showed a general decrease in
frequency with each cycle over time, indicating a continuous
deposition on the substrate (Figure 6a). After the deposition
of PPC-CBz on the EQCM probe, aqueous solutions of the
cations were added. In general, the Butterworth—van Dyke
(BD) equation provides a method for relating the electrical
properties of the quartz resonator to the mechanical properties
of the deposited film.'” The relationship between AR and
AF under liquid loading was derived from the BD equation.'®
The increase in AR is correlated with an increase in the
viscoelasticity of the layer adjacent to the crystal surface
while a small change in AR is indicative of a more rigid
adsorbed layer. From Figures 6a and 6b, the resistance
increased with each cycle, indicating increasing rigidity
(viscoelastic behavior) of the films with more layers depos-
ited. In general, with oxidation and reduction, the change in
resistance indicates the transport of the ions in and out of
the cross-linked film. After cross-linking, the addition of
Zn>" caused a rapid increase of the mass of the deposited
polymer (Figure 6¢). This was the highest for the Zn*" as
compared to the otherions. Analysis of the mass—concentration
relationship, according to the Langmuir equation (1/T" = 1
+ 1/KCy, where I' = Am/Amp., Cm is the metal ion
concentration and K the complexation constant) was made.'®
The binding ability of PPC-CBz toward cations thus varies

(17) Buttry, D. A.; Ward, M. D. Chem. Rev. 1992, 92, 1355.

(18) Muramatsu, H.; Tamiya, E.; Karube, 1. Anal. Chem. 1988, 60, 2142.

(19) Sannicolo, F.; Brenna, E.; Benincori, T.; Zotti, G.; Zecchin, S.;
Schiavon, G.; Pilati, T. Chem. Mater. 1998, 10, 2167.
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as follows: Zn>" (K = 1.1 x 10° M) > Cu*" ~ Co*" (K
=90 x 10°M ") > Ni** ~ Hg?" (K=33 x 10° M)
> Cd*H(K =25 x 100 M™Y.

Finally, SPR spectroscopy was combined with an elec-
trochemistry setup to study the efficiency of transport and
sensitivity of Zn>" ions with PPC-CBz films. As shown in
the EC-SPR measurements (Figure 7), the reflectivity
increases with increasing CV cycles, indicating the continu-
ous deposition of the film onto the 4 SAM coated gold
substrates. Again, the subsequent doping and dedoping of
the films with oxidation and reduction cycles are shown in
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(a) kinetic measurement during deposited film, (b) kinetic sensorgram at
different concentrations of Zn>", and (c) angular sensorgram at different
concentrations of Zn**.

the reversible reflectivity change which consists of either a
change in dielectric constant or thickness.*’

The sensing experiment was conducted by injecting different
concentrations of Zn>" into the SPR cell embedded with the
as-deposited polymer film on a Au working electrode. From

(20) (a) Taranekar, P.; Baba, A.; Park, J. Y.; Fulghum, T. M.; Advincula,
R. Adv. Funct. Mater. 2006, 16, 2000. (b) Kang, X.; Jin, Y.; Cheng,
G.; Dong, S. Langmuir 2002, 18, 10305. (c) Georgiadis, R.; Peterlinz,
K. A.; Rahn, J. R.; Peterson, A. W.; Grassi, J. H. Langmuir 2000, 16,
6759. (d) Bund, A.; Baba, A.; Berg, S.; Johannsmann, D.; Lubben, J.;
Wang, Z.; Knoll, W. J. Phys. Chem. B 2003, 107, 6743.
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the SPR sensorgram (Figure 7b), a sudden change was observed
on the reflectivity upon injection of 107 and 10~> M Zn**
and a peak saturation was observed upon injection of 10~* M
and higher concentrations. The concentrations at this level are
not expected to give a measurable change in reflectivity.?' This
indicated that the association of Zn** with the film induced
primarily the dielectric constant change assuming the thickness
was constant. It is also interesting to note that the highest change
was observed with 107° and 107> M Zn*" concentrations,
indicating that at these concentrations the azacalix[3]arene units
are fully bounded and that excess ions do not participate in a
significant dielectric constant change to the film, similar to the
results with open-circuit potentiometry. This confirms that the
allosteric effect is mostly observed only at lower concentrations
of the Zn>" cation and that, at higher concentrations, the excess
ion does not participate in binding to the azacalix[3]arenes.

Conclusion

In summary, we have successfully developed a new class
of chemosensor recognition elements based on conjugated
polymer network ultrathin films by electrochemical cross-
linking of hexahomotriazacalix[3]arene—carbazole and dem-
onstrated its selectivity and sensitivity toward Zn*" by
various techniques: potentiometry, QCM, and SPR combined
with electrochemistry. The results of this investigation have
shown that cation interaction with the film might increase
charge carrier transport properties on a conjugated polymer
through azacalix[3]arene-bound cations, reduce the doping
states by interfering ions through ion—ion interaction, and
perturbing the w-extended conjugated polymer through 7—mx
interaction. Specifically, these observed changes in the
electrical and spectroelectrochemical properties of the films
are related to the cation—dipole interaction between Zn>*
and azacalix[3]arene, resulting in a higher binding constant
and its subsequent specificity for chemical sensing.

Experimental Section

Chemicals and Methods. All chemical reagents were purchased
from Aldrich Chemical Co. unless otherwise stated. Solvents were
purchased from Fisher. Tetrahydrofuran (THF) was distilled over
sodium/benzophenone ketyl, and N,N-dimethylformamide (DMF)
was purchased in anhydrous form or was otherwise dried over Linde
type 4 A molecular sieves.

Instrumentation. Nuclear magnetic resonance (NMR) spectra
were recorded on a Varian 400 MHz spectrometer in deuterated
chloroform or a General Electric QE-300 spectrometer at 300 MHz.
Chemical shifts (0) are reported in parts per million and the residual
solvent peak was used as an internal standard.

UV —vis spectra were recorded using an HP-8453 spectrometer.
Spectroelectrochemical UV—vis measurements of the films were
carried out in situ on ITO substrates. This was done using a Teflon
flow cell fabricated with a modified ITO window and microscope
slide window that was placed in the path of an HP-8453 diode
array spectrometer.

MALDI-TOF mass spectra were recorded on a Biflex Bruker
Mass spectrometer with 2-cyano-4-hydroxycinnamic acid (CCA)
or 2,5-dihydroxy-benzoic acid (DHB) as matrix.

(21) Neumann, T.; Johansson, M.-L.; Kambhampati, D.; Knoll, W. Adv.
Funct. Mater. 2002, 12, 575.
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All FTIR measurements were performed using a Digilab FTS
7000 step scan spectrometer.

The cyclic voltammetry (CV) experiments were carried out on
a Princeton Applied Research Parstat 2263 with a modified ITO
substrate as the working electrode coupled with a Pt plate counter
and Ag/AgCl reference electrode. Cyclic voltammetry was utilized
to prepare the cross-linked films from a 0.1 wt % of the precursor
polymer solution of 0.1 M TBAPF¢/CH,Cl,.

The QCM apparatus, probe, and crystals are available from
Maxtek Inc. The data acquisition was done using a RQCM
(Research Quartz Crystal Microbalance, Maxtek, Inc.) system
equipped with a built-in phase lock oscillator and the RQCM Data-
Log Software. This was coupled with the Amel potentiostat to
generate EC-QCM results. A 5 MHz AT-cut CBzC11SH modified
on Au-coated quartz crystal with an effective area of 1.327 cm?
was used as a working electrode. Platinum as a counter electrode
and Ag/AgCl as a reference were used to measure in situ
polymerization during cyclic voltammetry. To initiate the experi-
ment, an inert probe was first immersed in methylene chloride until
a stable frequency was obtained.

Surface plasmon resonance spectroscopy (SPR) on Au-coated
glass (~45 nm) was performed using a commercially available
instrument (Multiskop) with a Kretschmann configuration and
attenuated total reflection (ATR) conditions.'* The reflectance was
monitored with a p-polarized He—Ne laser (632.8 nm) as a function
of angle of incidence.

Electrochemical surface plasmon resonance spectroscopy (EC-
SPR) measurements were performed using a SPR setup combined
with a three-electrode electrochemical cell in a Kretschmann
configuration for the excitation of surface plasmons. The details of
this setup are described in the Supporting Information. Surface
plasmons were excited by reflecting p-polarized laser light off the
Au-coated base of the prism. The excitation source employed was
a He—Ne laser: 4 = 632.8 nm. Kinetic measurements were
performed to monitor the formation of the film. Reflectivity-angular
measurements were also performed by scanning an incident angle
range before and after in situ polymerization. For these experiments,
the gold film thickness (~45 nm) was chosen for optimum
excitation of the surface plasmons. The electrode surface area was
0.785 cm?.

Atomic force microscopy (AFM) imaging was examined in
ambient conditions with a PicoSPM II (PicoPlus System, Molecular
Imaging (now Agilent Technologies) Tempe, AZ) in tapping mode
(AAC mode).

Synthesis. Synthesis of 9-(Undec-10-enyl)-9H-carbazole (2). To
a stirred solution of 6.00 g (36.00 mmol) of carbazole in 15 mL of
dimethylformamide (DMF), NaH 1.83 g (39.6 mmol) was added
in portions, and after complete addition the mixture was heated to
60 °C for 2 h. After the mixture was cooled, a solution of 11-
bromoundec-1-ene (9.40 g, 40.00 mmol) in 5 mL of DMF was
added dropwise to the reaction mixture and was allowed to stir for
48 h at room temperature. The reaction mixture was then poured
into water, extracted using methylene chloride, and dried over
anhydrous Na,SO,. After the solvent was evaporated, the crude
product was purified by column chromatography; using hexane as
an eluent gave 9.50 g (3%) of the product. '"H NMR (300 MHz,
CDCl3): 0 8.14 (d, J = 7.8 Hz, 2H, ArH), 7.53—7.42 (m, 4H, ArH),
7.27 (t, J = 7.4 Hz, 2H, ArH), 5.84-5.63 (m, 1H, CH,CH=CH,),
4.99-4.82 (m, 2H, CH,CH=CH,), 4.29 (t, / = 6.6 Hz, 2H,
NCH,CHy), 2.17-1.93 (m, 2H, CH,CH,CH), 1.96-1.67 (m, 2H,
CH,CH,CH,), 1.35—1.22 (m, 12H, CH,CH,CH,). '*C NMR (75
MH7, CDCls): 140.6, 139.3, 125.7, 123.1, 120.3, 118.9, 114.3,
109.9, 43.4, 34.2, 29.8, 29.7, 29.4, 29.3, 29.2, 27.7.
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Synthesis of 11-(9H-Carbazol-9-yl)undecyl Ethanethioate (3). A
solution of 2 (1.91 g, 6.00 mmol) in dry tetrahydrofuran (THF, 20
mL) containing thioacetic acid (0.63 g, 8.32 mmol) and 2,2’-
azobis(2-methylpropionitrile) (AIBN) (56 mg, 0.172 mmol) was
refluxed at 60 °C for 12 h under nitrogen. After cooling of the
reaction flask, 20 mg of AIBN and 0.30 g of thioacetic acid were
added and the mixture was refluxed for another 4 h. Concentration
of the reaction mixture followed by flash column chromatography
(4:1 hexane/CH,Cl,) gave 2.10 g (89%) of the product. "H NMR
(300 MHz, CDCl3): ¢ 8.14 (d, J=7.8Hz, 2H, ArH), 7.53—7.42 (m,
4H, ArH), 7.27 (t, J = 7.8 Hz, 2H, ArH), 4.29 (t, ] = 6.8 Hz, 2H,
NCH,CHy), 2.70 (t, J = 6.8 Hz, 2H, CH,CH,CO), 2.35 (s, 3H,
COCHs3), 1.92—1.88 (m, 2H, CH,CH,CH,), 1.74—1.69 (m, 2H,
CH,CH,CH,), 1.38—1.26 (m, 14H, CH,CH,CH,). '*C NMR (75
MHz, CDCl3): 196.0, 140.6, 125.7, 123.1, 120.3118.6, 108.9, 43.0,
39.1, 35.1, 32.1, 30.5, 29.4, 29.3, 29.1, 28.9, 27.3.

Synthesis of 11-(9H-Carbazol-9-yl)-undecane-1-thiol (4). In a 100
mL round-bottomed flask, 3 (1.00 g, 2.52 mmol) was dissolved in
10 mL of methanol, and CH,Cl, was added dropwise to make the
suspension clear. To this solution was added 1 mL of 50 wt %
NaOH under nitrogen and the resulting mixture was allowed to
stir overnight. The reaction mixture was neutralized by the addition
of acetic acid. The neutralized solution was then poured into 25
mL of water and the organic phase was extracted using methylene
chloride. The organic phase was then washed with brine and dried
over Na,SOy. After filtration and concentration under vacuum, the
crude product was further washed with hexane to give the pure
product as 0.78 g (87%) of slightly yellowish oil. '"H NMR (300
MHz, CDCl): d 8.14 (d, J = 7.8 Hz, 2H, ArH), 7.53—7.42 (m,
4H, ArH), 7.27 (t, 2H, ArH), 4.29 (t, 2H, NCH,CH,), 2.68 (t, 2H,
CH,CH,SH), 1.92—1.88 (m, 2H, CH,CH,CH,), 1.74—1.69 (m, 2H,
CH,CH,CH,), 1.38—1.26 (m, 15H, CH,CH,CH, and SH). '°C
NMR (75 MHy, CDCls): 140.6, 125.7, 123.1, 120.3, 118.6, 108.9,
43.0, 39.1, 35.1, 32.1, 29.3, 29.1, 29.0, 28.9, 28.4, 27.3.

Synthesis of 4-Chloro-2,6-bis(hydroxymethyl)phenol (5).° To a
solution of p-chlorophenol were added formaldehyde and sodium
hydroxide and the resulting mixture was stirred for 7—10 days.
The sodium salts of 5 were isolated by removal of the solvent under
reduced pressure. Acidification of the sodium salts with acetic acid
in acetone, removal of sodium acetate by filtration, and recrystal-
ization from ethyl acetate resulted in 72% yield. '"H NMR (400
MHz, CD3;0D): 7.178 (s, 2H, ArH), 7.3 (m, 6H, ArH). IR (KBr):
v 3412, 3300, 2967, 2914, 2888, 1478, 1456, 1211, 1068, 1010
cm™'. MS (MALDI-TOF) Calcd for [CgHoClOs]™": m/z 188.02.
Found: m/z 189 [M + H]™.

Synthesis of p-Chloro-N-benzylhexahomotriazacalix[3 Jarene
(6).°° To a solution of 5 (6.00 g, 32.52 mmol) was added
benzylamine (3.39 g, 31.67 mmol) in 150 mL of xylene; the
resulting mixture was refluxed for 72 h, and the water generated
was removed during the course of the reaction with a Dean-Sturk
condenser. The mixture was evaporated to dryness as deep yellow
oil. Chromatography on silica gel (hexane:EtOAc = 9:1, v/v) gives
6 (2.73 g, 33% yield). "H NMR (400 MHz, CD,Cl,): 6 7.29 (br s,
g 15H, ArH), 7.01 (s, 6H, ArH), 3.69 (s, 6H, NCH,Ar), 3.64 (s,
12H, NCH,Ar). '*C NMR (100 MHz, CDCly): & 155.5, 136.4,
129.6, 1294, 128.1, 127.3, 125.0, 122.7, 58.0, 56.7. IR (KBr): v
3054, 3023, 2832, 2805, 1738, 1602, 1470, 1372, 1240, 1116, 863,
738, 699, 485 cmfl. MS (MALDI-TOF) Calcd for [C45H42C13N303]+2
mlz 777.23. Found: m/z 778.69 [M + H]'. Anal. Calcd for
C45H42C13N303Z C, 6936, H, 543, N, 5.39. Found: C, 6548, H,
5.78; N, 9.38.

Synthesis of 9-(4-Bromobutyl)-9H-carbazole (7). A solution of
59.1 g (237.7 mmol) of 1,4-dibromobutane, 1.00 g of tetrabuty-
lammonium bromide, 5.16 g (30.86 mmol) of carbazole, 50 mL of



4924  Chem. Mater., Vol. 20, No. 15, 2008

aqueous 50% sodium hydroxide, and 50 mL of benzene was stirred
at 40 °C for 6 h. The organic layer was separated, and the aqueous
layer was extracted three times with chloroform (3 x 30 mL). The
combined organic layer was washed three times with water (3 x
40 mL) and dried over Na,SO,4. The organic solvent was distilled
over a water bath, the unreacted 1,4-dibromobutane was removed
by vacuum distillation, and the residue was recrystallized from
ethanol to give a white needle-like solid. Yield: 5.8 g (62%). 'H
NMR (300 MHz, CDCly): 6 8.06 (d, 2H, ArH), 7.11—7.47 (m,
6H, ArH), 4.29 (t, J = 5.4 Hz, 2H, NCH,), 3.32 (t, J = 5.8 Hz,
2H, CH,CH,Br), 1.98 (m, 4H, ArCH,CHy,). IR (KBr): v 3045, 2939,
2925, 2855, 1620, 1593 cm™ .

Synthesis of p-Chloro-N-benzylhexahomotriazacalix|3 J-tri(butyl-
carbazole) (1). To a solution of 6 (0.50 g, 0.64 mmol), NaH (0.11
g, 4.42 mmol) in THF (20 mL), and DMF (5 mL) was added a
solution of 7 (0.68 g, 2.25 mmol) in THF (10 mL). After being
stirred for 2 days at 80 °C, the reaction mixture was evaporated,
extracted with CH,Cl,, and washed with saturated NaHCO;. The
organic layer was dried over anhydrous Na,SO., filtered, and
evaporated under vacuum. Column chromatography on siliga gel
(hexane/EtOAc = 9:1, v/v) afforded 1 (0.09 g, 0.06 mmol) in 10%
yield as deep white oil. '"H NMR (300 MHz, CDCl5): 6 8.13-8.11
(m, 6H, ArHpu,), 7.52-7.48 (m, 12H, ArH.,), 7.31 (m, 15H,
ArH uiy), 7.04 (s, 4H, ArH,aix), 7.01 (s, 2H, ArH qix), 4.13 (t, J =
7.2 Hz, 2H, OCH,CH,), 3.74 (t, J = 7.2 Hz, 4H, OCH,CH,),
3.78-3.00 (m, 24H, NCH,Ar and CH,CH;N,), 1.76—1.18 (m,
12H, CH,CH, CH,). '*C NMR (75 MHz, CDCl): 6 157.5, 155.5,
141.0, 140.9, 139.8, 139.7, 135.0, 134.0, 133.6, 131.4, 129.9, 129.5,
1294, 129.1, 128.9, 127.9, 127.7, 126.2, 123.4, 121.0, 120.9, 119.5,
119.4, 119.3, 109.3, 109.2, 75.0, 74.7, 63.4, 62.8, 60.4, 53.2, 52.2,
51.4, 43.50, 43.3, 30.2, 28.2, 28.1, 26.3, 26.2. IR (KBr): v 2977,
2937, 2880, 1470, 1386, 1320, 1243, 1168, 1107, 1059, 1035, 929,
879,817,738cm ™ '.MS (MALDI-TOF) Calcd for [Co3Hg;CliNgO3] *:
mlz 1443.08. Found: m/z 1443.70 [M + H]*.

Synthesis of 9-(4-(9H-carbazol-9-yl)butyl)-9H-carbazole (8). A
solution of carbazole (5.00 g, 30.00 mmol) and KOH (1.68 g, 30.00
mmol) in acetone (20 mL) was added dropwise into a solution of
dibromobutane (2.60 g, 12.00 mmol) in acetone (5 mL). After being
stirred for 24 h at RT, the reaction mixture was evaporated, then
extracted with CH,Cl,, and finally washed with EtOH and THF.
The filter was dried in vacuum to afford 3 (3.26 g, 8.39 mmol) in
70% yield as a white solid. '"H NMR (300 MHz, CDCl;): 6 8.10
(d, J = 7.7 Hz, 4H, ArH), 7.45-7.43 (m, 4H, ArH), 7.23 (m, 4H,
ArH), 4.24 (t, J = 7.2 Hz, 4H, NCH,CH), 2.13-1.88 (m, 4H,
CH,CH, CHy).

Electrochemical Synthesis of Cross-linked Polymers (PPC-
CBZ). The precursor polymers were synthesized using the cyclic
voltammetry (CV) technique. In a three-electrode cell, 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF) was used as
a supporting electrolyte along with 0.1 wt % precursor 1 dissolved
in anhydrous methylene chloride in separate cells. The electropo-
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lymerization of each precursor 1 was performed by sweeping the
voltage at a scan rate of 50 mV/s from 0 to 1.0, 1.3, 1.5 V against
Ag/AgCl as a reference electrode and platinum as a counter
electrode. The ITO, gold-coated slides, and 4 coated gold substrates
were used both as a working electrode and as a substrate.

Sensitivity and Selectivity Studies of PPC-CBz by Using
Potentiometry. Polymerized on ITO substrates by sweeping the
voltage at a scan rate of 50 mV/s from O to 1.3 V, 1 was studied
as a sensor using 0.01 M TBACI as electrolyte. With use of a Teflon
cell, 0.01 M TBACI was injected, until the potential signal was
kept constant. To study sensitivity and selectivity of the polymer,
different concentrations of cations were held constant for 1000 s.
The change in potential (AE), [(AE) = observed potential (Ey) —
initial potential (E;)] was recorded simultaneously as a function of
time.

Sensitivity and Selectivity Studies of PPC-CBz by Using EC-
QCM and QCM. EC-QCM was used to polymerize PC-CBz on 4
coated gold substrates. The electropolymerization was performed
by sweeping the voltage at the scan rate of 50 mV/s from 0 to 1.0
V. The sensitivity and selectivity were monitored in aqueous
solution. From Figure S1, we injected water into the sample cell
and kept this cell constant at room temperature for 1000 s. After
that, such cell was dried in a vacuum oven for 10 min, and each
delta frequency shown in Figure S1 was measured in air by QCM
each time for 20 min as a function of cations’ concentration: 10~°,
107°, 107, and 107* M.

Sensitivity and Selectivity Studies of PPC-CBz by Using EC-
SPR and SPR. The details of this setup are described in Figure
S2. Electropolymerization was done by EC-SPR (WE, 4 coated
gold substrates; CE, Pt wire; RE, Ag/AgCl) at a scan rate of 20
mV/s (0 to 1.0 V). The sensing experiment was performed by
injecting different concentrations of cations and each concentration
stood for 1000 s at room temperature. Kinetic and angular
measurements were observed as a function of time.
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N-Benzylhexahomotriaza-p-chlorocalix[3]trinaphthylamide in
partial cone conformation was selectively synthesized by
appropriately controlling the steric effect during the amida-
tion reactions of N-benzylhexahomotriaza-p-chlorocalix[3]tri-
(ethyl acetate) in cone or partial cone conformations with
use of l-aminomethylnaphthalene. The conformation was
confirmed by 'H, 1*C, and 2D NMR and X-ray single-crystal
analysis. Analyses of the complexes revealed that recognition
is strongly affected by Cd**, Pb>*, and F~ ions.

On the basis of the concepts provided by host—guest
chemistry, cation and anion sensing has recently risen to a
dominant position in research devoted to the detection of
designated species.' This rapid growth is derived from the
realization of the diverse roles played by cations and anions in
biological and environmental systems.*?

" Chulalongkorn University.

* Thammasat University (Rangsit Campus).

(1) (a) Lehn, J.-M. Supramolecular Chemistry, Concepts and Perspectives;
WCH:Weinheim, Germany, 1995. (b) Inoue,Y.; Gokel, G. W. Cation Binding
by Macrocycles, Complexation of Cationic Species by Crown Ether; Marcel
Dekker: New York, 1990.

(2) (a) Gutsche, C. D. Calixarenes, Monographs in Supramolecular Chem-
istry; Stoddart, J. F., Ed.; Royal Society of Chemistry: Cambridge, U.K., 1989;
Vol. 1. (b) Anslyn, E. V. J. Org. Chem. 2007, 72, 687.

(3) Lumetta, G. J.; Rogers, R. D.; Gopalan, A. S. Calixarenes for Separations;
American Chemical Society: Washington, DC, 2000.

5574 J. Org. Chem. 2008, 73, 5574-5577

Calixarenes and the related macrocycles have received a lot
of recent attention due to their molecular recognition properties.>*
In recent years, the homocalixarenes, hexahomotrioxacalixarenes
(or oxacalix[3]arenes),” hexahomotrithiacalixarenes (or thia-
calix[3]arenes),® and hexahomotriazacalixarenes (or azacalix-
[3]arenes), have been synthesized as parts of a class of
compounds called expanded calixarenes.” From a structural point
of view, they are of a similar size to 18-crown-6. However,
their topology provides 3-D cavities which can better envelop
the substrates. It is well-known that the more coordinating sites
that are present then, generally, the higher the complex stability.®
Therefore, to optimize the number of such binding sites, oxygen
and sulfur atoms on oxa- and thiacalix[3]arenes are typically
replaced with nitrogen in the azacalixarenes. Nevertheless, the
azacalixarenes have received relatively little attention, mainly
because they can only be synthesized in relatively low overall
yields. Thus, there are only a limited number of studies of the
solution conformations, solid-state structures, and complex
formation properties of these molecules and, unlike calixarenes,
the conditions for functionalization to provide a specific
conformation have rarely been reported. Previously, Hampton
and co-workers® showed that the conformations of azacalix[3]arenes
were cone and partial cone, based on NMR and X-ray single-
crystal studies, but most research has focused on studying only
the cone conformations.”® Metal complexes of the cone
conformation with an extraction method, such as UO,2" in the
presence of a high concentration of NaCl,” lanthanide ions,”®
and alkali metals,’® have been reported. Moreover, Thuéry et
al.'® prepared UO,2*, Nd**, and Yb** complexes of azacalix-
arenes without using any bases and obtained crystals of the
complexes suitable for crystallographic analyses.

Recently, we reported that the cone conformation of N;-
hexahomotriazacalix[3]cryptand (3) can serve as a highly
selective receptor for chloride ions.'' Its selectivity can be
altered to preferentially bind bromide ions over other halide
ions by complexing with zinc ions, presumably due to allosteric
and ion-pair effects as illustrated in Scheme 1. However, partial
cone conformation was not reported in this study. To further

(4) Asfari, Z.; Bohmer, V.; Harrowfield, J. Calixarenes 2001; Kluwer
Academic Publishers: Dordretch, The Netherlands, 2001.

(5) (a) Dhawan, B.; Gutsche, C. D. J. Org. Chem. 1983, 48, 1536. (b) Zerr,
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Ashram, M.; Mizyed, S.; Georghiou, P. E. J. Org. Chem. 2001, 66, 1473. (e)
Ashram, M. J. Inclusion Phenom. 2006, 54, 253. (f) Tsubaki, K.; Otsubo, T.;
Tanaka, K.; Fuji, K. J. Org. Chem. 1998, 63, 3260. (g) Tsubaki, K.; Mukoyoshi,
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1127.
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SCHEME 1. Cone Conformation of
N;-Hexahomotriazacalix[3]cryptand (3) Can Serve As a
Highly Selective Receptor for Chloride Ions or Be Adapted
to Preferentially Bind Bromide Ions in the Present Zinc Ions

SCHEME 2. Synthesis of 1¢
OFEt
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2b
“ Reagents and conditions: (a) ethyl bromoacetate, NaH, THF, DMF,
reflux, 72 h, 2a (21%) and 2b (31%); (b) 1-aminomethylnaphthalene,
toluene:MeOH (1:1), rt, 3 d, 1 (41%); (c) 1-aminomethylnaphthalene,
toluene:MeOH (1:1), rt, 7 d, 1 (42%).

understand the properties of azacalix[3]arenes, this work reports
a conformational selective synthesis, the X-ray crystal structures,
and the binding properties of N-benzylhexahomotriaza-p-
chlorocalix[3]trinaphthylamide (1 in Scheme 2). To the best of
our knowledge, this is the first example showing the complex
formation ability of a partial cone azacalix[3]arene.

The synthesis of N-benzylhexahomotriaza-p-chlorocalix[3]-
trinaphthylamide (1) was carried out as schematically shown
in Scheme 2. Alkylation of N-benzylhexahomotriaza-p-
chlorocalix[3]arene with ethyl bromoacetate in the presence of
NaH in THF/DMF produced compound 2a (cone conformation,
21% yield) and compound 2b (partial cone conformation, 31%
yield). The reactions between 2a and 2b with 1-aminomethyl-
naphthalene afforded only the partial cone conformer of
N-benzylhexahomotriaza-p-chlorocalix[3]trinaphylamide (1) with
41% and 42% yields, respectively. More interestingly, during
the preparation of 1 by starting with 2a, the conformation
changed from cone to partial cone. This may be due to the small
energetic barrier of aromatic flipping by passing the para position
through the cavity for cone-to-partial cone inversion of
azacalix[3]arene, which provides a more stable partial cone
conformer as a result of the steric effect and solvent polarity.'>
The structure of compound 2a was confirmed by X-ray single-
crystal analysis, as shown in Figure la.

The proposed partial cone conformation of N-benzylhexaho-
motriaza-p-chlorocalix[3]trinaphylamide (1) was confirmed by
'H, 13C, 2D NMR and X-ray single crystal studies (Supporting
Information). In the 'H NMR spectrum of 1, the methylene
protons of the ArgixCH>N bridges are presented as two AB
doublets at 3.91 (Jy—g = 15.0 Hz), 3.58 (Jy—g = 15.0 Hz),
2.57 (Ju-u = 13.4 Hz), and 2.28 (Ju-u = 13.4 Hz) ppm and as
a signal in a multiplet at 2.99—2.71 ppm. The other doublets
for the methylene protons of Ar,,,CH>NH appear at 5.11, 5.04,
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FIGURE 1. ORTEP drawing of (a) N-benzylhexahomotriaza-p-
chlorocalix[3]tri(ethyl acetate) (2a) and (b) N-benzylhexahomotriaza-
p-chlorocalix[3]trinaphthylamide (1). The displacement ellipsoids are
drawn at the 50% probability level.

5.00, 4.93, and 4.89 ppm with germinal coupling constants of
4.8, 5.6, 4.8, 4.8, and 5.2 Hz, respectively. In the parent
hexahomotriazacalix[3]arene, which adopts a regular Cs, cone
conformation, the six protons of ArciH exists as a singlet at o
7.01 ppm.'® In this case, the three singlets of ArcH are
observed at 6.51, 6.44, and 6.36 ppm. The 3C NMR spectrum
also confirms the partial cone conformation of the azacalix[3]arene
macroring of 1. Ar,,,CH,NH appears as two peaks (41.6, 41.2
ppm) and Arc,ixCHoN splits into four peaks (72.8, 52.7, 52.5,
and 52.0 ppm). '3C signals of Arcuix connected with hydrogen
also have three peaks, at 130.2, 130.1, and 129.5 ppm. These
findings suggest that the three O-substituents have different
environments, which implies that 1 is in a stable partial cone
conformation. The X-ray single-crystal structure of 1'% also
strongly supports the partial cone conformation, as shown in
Figure 1b. The results show the cavity of azacalix[3]arene
macroring (7.92 x 4.92 Az) for cation and free N—H for anion
binding sites of 1.

It is well-known that hexahomotriazacalix[3]arene is a
strong metal ion complexing agent”'® and an amide derivative
that can complex anions.'' Generally, a naphthylene-based
fluorophore can form a monomer and excimer'® that can be
observed in a fluorescent spectrum at wavelengths of 336
and 423 nm, respectively. However, the excimer formation
of fluorophores that contain more than one fluorogenic unit
can be either inter- or intramolecular, in which the former
depends on the concentration and solvent polarity. The ratio
of excimer to monomer can be observed by the ratio of
intensities of excimer to monomer (excimer/Imonomer O Ie/Im).
From the fluorescent spectrum, it was observed that ligand
1 exhibits a strong monomer emission at 336 nm and an
excimer emission at 423 nm, suggesting that the two
naphthalene units are in a face-to-face ;-stack so as to form
a dynamic excimer.'* The ratio of I./I, increases when the
concentration of fluorophore 1 decreases (Figure S1, Sup-
porting Information). This may be because, at low concentra-

(12) Iwamoto, K.; Ikeda, A.; Araki, K.; Harada, T.; Shinkai, S. Tetrahedron
Lett. 1993, 49, 9937.

(13) X-ray data were collected on a Bruker SMART CCD area detector. The
crystal structure was solved by direct methods and refined by full-matrix least-
squares. All non-hydrogen atoms were refined anisotropically, and hydrogen
atoms were refined by using the riding model. All calculations were performed
with a crystallographic software package, WinGX v1.64.05. Crystal data for 1:
C34H75C13N595~3H20, M, = 140124.90, monoclinic,a space group Pl, a =
16.1795(3) A, b = 16.5809(3) A, ¢ = 16.6482(2) A, o = 92.624(1)°, B =
105.880(1)°, y = 112.174(1)°, V = 3921.97(11) A3, Z = 2, peac = 1.207 g
cm3, 260, = 30.54°, Mo Kot (4 = 0.71075 A), u = 0.176 mm~!, —w scans,
T = 293(2) K, 28143 independent reflections, 20620 unique reflections (I >
20.0(7(1)), 924 refined parameters, R, = 0.1276, Rw = 0.3142, Apmax = 1.204 ¢
A3, Apmin =—0.395 ¢ A=3; CCDC 673516. See the Supporting Information for
crystallographic data in CIF format.
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FIGURE 2. Fluorescence changes (I — I,,) of 1 upon addition of various
metal ions. Conditions: 1 (1 #uM) in DMSO, excitation at 285 nm, metal
nitrate and chloride (300 equiv) in DMSO. [ is the fluorescence emission
intensity of complexes 1. I, is the fluorescence emission intensity of
free 1.
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FIGURE 3. Fluorescence emission spectra of 1 upon addition of
various anions. Conditions: 1 (0.1 #uM) in DMSO, excitation at 285
nm, TBAX (300 equiv) in DMSO.

tions where there is a low percentage of intermolecular
interaction, the two naphthyl groups which are on the same
side of the azacalix[3]arene platform form an intramolecular
excimer and give an excimer emission at 423 nm.

The other naphthyl moiety, where no intermolecular interac-
tion occurs, remains a monomer, but its monomer emission at
336 nm is quenched because the nitrogen atoms are sharing
electrons with PET. At higher concentrations, the intermolecular
interaction increases, leading to the formation of a hydrogen
bond between the amide groups from a side containing a single
residue. This hydrogen bond formation prevents the face-to-
face stacking of naphthyl moieties and the PET process, leading
to increased monomer emission.

The fluorescence intensity changes of 1 were investigated to
determine the cation (Figure 2) and anion (Figure 3) binding
abilities. In the case of cations, it was found that 1 exhibits
Pb%*t, Hg?t and Co?* (strong quenching), and Cd>* (strong
enhancing) selectivity over the other metal cations studied, as
shown in Figure 2. These data imply that 1 binds metal ions
with different modes. In the case of Pb?>", only excimer
fluorescence is strongly quenched, which is likely to be due
not only to the reverse PET from the naphthyl groups to the
electron-deficient carbonyl oxygen atoms but also to a heavy-
metal ion effect.'” This may then suggest that Pb2* is strongly
bound in a cavity on the side containing two naphthylamide
units.

In the case of Cd?*, both monomer and excimer emissions
increased with its presence, strongly suggesting that the Cd**
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TABLE 1.  Stability Constants (log £)* of 1:1 Complexes of 1 with
Cations and Anions in DMSO by the UV—Vis Titration Method (T
= 25°C, I = 0.01 M BusNPFy)

cation log B (M) anion log B (M)

Mg 2.13 (0.01)” F~ 4.21 (0.09),> 9.71 (0.01)¢
Ca2™ 2.01 (0.04)" Cl~ 2.37 (0.05)"

Co?t 4.08 (0.09)” Br- not determined

Ni2* 1.83 (0.04)" I~ not determined

Cu?t 2.06 (0.08)° NO;~ 2.03 (0.01)°

Zn2+ 3.23 (0.09)° ClO4~ 2.20 (0.01)°

Cd*+ 4.53 (0.04)” H,PO,~ not determined

Hg>* 2.12 (0.01)" AcO~ 2.43 (0.02),” 9.29 (0.03)¢
Pb2* 4.68 (0.04)" BzO~ 2.83 (0.01),” 9.43 (0.03)°

“Mean values of n > 3 (for cations) and n > 2 (for anions) of
independent determinations with standard deviation ¢,—; on the mean in
parentheses.  1:1 complex (AL). ©2:1 complex (AsL).

ion preferentially binds by nitrogen atoms of the azacalix[3]arene
macroring and is weakly chelated by the carbonyl groups from
both sides of azacalix[3]arene, and that consequently the PET
and heavy metal effects are excluded. The azacalix[3]arene
template, which has a similar structure to that of azacrown
ether,'® exhibits excellent binding with Cd?* and shows, for
the first time, the advantage of the azacalixarene framework
over the parent calixarene.” UV—vis spectroscopy was employed
to determine the stoichiometry and stability constants for the
complexes with use of the SIRKO program.'” According to the
extent of the observed absorption spectra changes, the associa-
tion constants of 1 were obtained, and are summarized in Table
1. The data indicate that ligand 1 binds strongly with Pb>* (log
B = 4.68 M) and Cd*" (log f = 4.53 M™!). The titration
profiles of absorption changes of 1 with Cd?>* and Pb*t are
shown in Figures S3 and S4 (Supporting Information) which
show the different patterns. The absorptions of the azacalix[3]arene
unit in receptor 1 at wavelengths of 285 and 296 nm strongly
decrease upon an addition of Cd?>*. In case of Pb*", the
decreases of absorption of these two wavelengths are less
pronounced, while the absorption at a wavelength around 265
nm strongly increases. This result confirms that both cations
were bound with different modes.

For the anion sensor study, the fluorescence reveals a
quenching effect from a PET mechanism on the monomer peak.
The excimer peak, however, has a much lower effect, indicating
that allosteric effect-induced conformation changes do not favor
the binding of anions. The 'H MNR spectra of 1 anions also
strongly support this notion revealing that only the signals of
amide protons shift (Figure S2, Supporting Information), and
thus that anions were likely bound by hydrogen bonds with the
amide groups.

To obtain an insight into the selectivity of anion binding,
UV—vis spectroscopy was employed to study the interaction

(14) (a) Galindo, F.; Becerril, J.; Burguete, M. 1.; Luis, S. V.; Vigara, L.
Tetrahedron Lett. 2004, 45, 1659. (b) Roy, M. B.; Samanta, S.; Chattopadhyay,
G.; Ghosh, S. J. Lumin. 2004, 106, 141.

(15) (a) Kim, J. S.; Quang, D. T. Chem. Rev. 2007, 107, 3780. (b) Kim,
S. K.; Kim, S. H.; Kim, H. J.; Lee, S. H.; Lee, S. W.; Ko, J.; Bartsch, R. A.;
Kim, J. S. Inorg. Chem. 2005, 44, 7866. (c) Choi, J. K.; Kim, S. H.; Yoon, J.;
Lee, K.-H.; Bartsch, R. A.; Kim, J. S. J. Org. Chem. 2006, 71, 8011. (d) Kim,
J. S.; Kim, H. J.; Kim, H. M.; Kim, S. H.; Lee, J. W.; Kim, S. K.; Cho, B. R.
J. Org. Chem. 2006, 71, 8016.

(16) (a) Cakir, U.; Cicek, B. Transition Metal. Chem. 2004, 29, 263. (b)
Costero, A. M.; Salvador Gil, S.; Sanchis, J.; Peransi, S.; Sanz, V.; Williams,
J. A. G. Tetrahedron 2004, 60, 6327. (c) Liang, X.; Parkinson, J. A.; Parsons,
S.; Weishdupl, M.; Sadler, P. J. Inorg. Chem. 2002, 41, 4539. (d) Costero, A. M.;
Monrabal, E.; Sanjuan, F. Tetrahedron 1999, 55, 15141. (e) Nelson, J.; Mckee,
V.; Morgan, G. Prog. Inorg. Chem. 2007, 47, 167-316.

(17) Vetrogon, V. I.; Lukyanenko, N. G.; Schwing-well, M. J.; Arnaud-Neu,
F. Talanta 1994, 41, 2105.



of compounds 1 with anionic guests. Upon the addition of
anions, the absorption spectra of 1 changed (see Table S1,
Supporting Information). From the derived stability constants
(Table 1) of compound 1 complexes with anions, it can be
concluded that 1 prefers to complex F~ over the other anions
tested by forming 1:1 complexes.

In summary, the partial-cone conformation of N-benzyl-
hexahomotriaza-p-chlorocalix[3]trinaphthylamide (1) was se-
lectively synthesized from both cone and partial-cone triester
intermediates coupling with 1-aminomethylnaphthalene. The
crystal structures of 1 and 2a were confirmed by X-ray
crystallography. On the basis of fluorescent, UV—vis, and 'H
NMR spectra changes upon cation and anion complex formation,
it has been noted that 1 displays strong binding with Cd** (by
using nitrogen at the azacalix[3]arene framework), Pb*" and
Co”* (by using the carbonyl of amide groups from the side of
azacaliz[3]arene containing two naphthyl groups), and F~ (by
using hydrogen bonds between the NH part of the amide with
anions).

Experimental Section

Synthesis of N-Benzylhexahomotriaza-p-chlorocalix|[3]tri(ethyl
acetate) (2). The synthetic procedures of 2a and 2b have been
modified from our previous work'' by replacing the methyl
bromoacetate with ethyl bromoacetate. Column chromatography on
silica gel (hexane/EtOAc = 9:1, v/v) of crude product afforded a
21% yield of 2a (X-ray data demonstrated in the Supporting
Information) (0.135 g, 0.130 mmol) as a deep yellow oil. 2a: 'H
NMR (400 MHz, CDCl3) 6 7.34—7.26 (m, 12H, ArH), 7.18 (t,
3H, Ju-nu = 7.2 Hz, ArH), 6.90 (s, 6H, ArH), 4.28 (s, 6H,
OCH,CO), 4.22 (q, 6H, Jy—u = 7.6 Hz, OCH,CH3), 3.61 (s, 6H,
NCH,Ar), 3.44 (dd, 12H, Jy-y = 14.4, 7.6 Hz, NCH,Ar), 1.28 (t,
9H, JHfH =172 HZ, OCH2CH3), 13C NMR (100 MHz, CDC13) o)
169.1, 152.3, 139.2, 133.9, 130.1, 129.0, 128.9, 128.9, 128.6, 127.3,
71.0, 62.4, 52.5, 52.1, 14.4; IR (KBr) v 3063, 3028, 2981, 2929,
2803, 1757, 1448, 1372, 1292, 1188, 1118, 1065, 1030, 879, 743,
701 cm™!'; MS (MALDI-TOF) calcd for [Cs7HgoCl3N309]" m/z
1035.34, found 1036.92 [M + H]". Anal. Calcd for Cs7HgC13N300:
C, 65.99; H, 5.83; N, 4.05. Found: C, 65.95; H, 5.71; N, 4.00. 2b
(pale yellow solid, 31%): '"H NMR (400 MHz, CDCl;) 6 7.57 (d,
J =17.6 Hz, 2H, ArH), 7.31 (t, J = 7.6 Hz, 3H, ArH), 7.38—7.30
(m, 10H, ArH), 7.02 (s, 4H, ArH), 6.98 (s, 2H, ArH), 4.31 (br d,
2H, OCH,CO), 4.15 (s, 4H, OCH,CH3), 4.13 (s, 2H, OCH,CH3),
4.11 (br d, 2H, OCH,CO), 3.79—3.22 (m, 20H, OCH,CO and
NCH,Ar), 1.24 (m, 9H, OCH,CH3;); '3C NMR (100 MHz, CDCls)
0 169.1, 169.0, 155.8, 154.1, 139.4, 138.6, 134.8, 133.4, 132.9,
131.6, 130.4, 129.6, 129.3, 129.2, 128.8, 128.5, 128.4, 128.1, 127.4,
127.3,70.8, 70.3, 63.0, 60.9, 59.4, 53.0, 52.7, 52.4, 14.4, 14.3; IR
(KBr) v 3063, 3028, 2981, 2922, 2852, 2804, 1756, 1446, 1376,
1291, 1187, 1121, 1063, 1030, 891, 743, 700 cm™!; MS (MALDI-
TOF) calcd for [CssHs4C13N300] " m/z 1035.34, found 1036.92 [M
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+ H]*. Anal. Calcd for for Cs7HgyC1sN309: C, 65.99; H, 5.83; N,
4.05. Found: C, 65.82; H, 5.92; N, 3.93.

Synthesis of N-Benzylhexahomotriaza-p-chlorocalix[3]trinap-
thylamide (1). A solution of 2a (0.135 g, 0.130 mmol) was charged
with a solution of 1-napthymethylamine (0.072 g, 0.456 mmol) in
1:1 methanol:toluene mixture (10 mL). The solution was refluxed
for 3 days. After removing the solvents, the crude mixture was
purified by column chromatography of the precipitate on silica gel
(hexane/EtOAc = 3:2, v/v), which gave 1 (0.073 g, 0.053 mmol,
41%) as a white solid. A solution of 2b (0.207 g, 0.200 mmol)
was charged with a solution of 1-napthymethylamine (0.207 g, 0.700
mmol) in 1:1 methanol:toluene mixture (10 mL). The solution was
refluxed for 7 days. After removing the solvents, the crude mixture
was purified by column chromatography of the precipitate on silica
gel (hexane/EtOAc = 3:2, v/v), which gave 1 (0.114 g, 0.087 mmol,
42%) as a white solid: '"H NMR (400 MHz, CDCI3) ¢ 8.10—8.08
(m, 3H, ArH,y,), 8.01=7.97 (m, 4H, ArH,,), 791 (d, Ju-n = 7.2
Hz, 2H, ArH,y,), 7.64—7.57 (m, 8H, ArH,,), 7.64—7.57 (m, 4H,
ArH,yp), 7.32—7.21 (m, 9H, ArH qiix), 7.14 (d, Jy-n = 6.8 Hz, 2H,
ArHix), 7.09 (d, Ju-y = 7.6 Hz, 4H, ArH.aix), 7.02 (s, 1H,
CH,NHCO), 6.86 (s, 2H, CH,NHCO), 6.51 (s, 2H, ArH ,ix), 6.44
(s, 2H, ArHcuix), 6.36 (s, 2H, ArHcaix), 5.11 (d, Ju-n = 4.8 Hz,
2H, ArCH,NH), 5.04 (d, Jy—n = 5.6 Hz, 1H, ArCH,NH), 5.00 (d,
Ju-n = 4.8 Hz, 1H, ArCH,NH), 4.93 (d, Ju-u = 4.8 Hz, 1H,
ArCH,NH), 4.89 (d, Ju-n = 5.2 Hz, 1H, ArCH,NH), 3.91 (d, Jy-n
= 15.2 Hz, 2H, ArCH,N), 3.80 (s, 2H, OCH,CO), 3.58 (d, Jy-u =
14.8 Hz, 2H, ArCH,N), 3.09 (s, 2H, OCH,CO), 2.99—2.71 (m,
12H, ArCH,N and OCH,CO), 2.57 (d, Ju-u = 12.8 Hz, 2H,
ArCH,N), 2.28 (d, Jy—n = 14.0 Hz, 2H, ArCH,N); 3C NMR (100
MHz, CDCl;) 6 167.3, 167.2, 153.1, 152.0, 138.6, 137.8, 134.2,
134.1, 133.5, 133.3, 133.1, 132.5, 131.7, 131.5, 130.2, 130.1, 129.7,
129.5,129.3,129.2, 129.1, 129.0, 128.8, 128.7, 128.5, 128.4, 128.3,
127.7,127.5, 127.1, 127.0, 126.4, 126.3, 126.0, 125.5, 123.9, 123.6,
72.8,71.4,63.0,60.0,52.7,52.5, 52.0, 41.6, 41.2; IR (KBr) v 3419,
3059, 2921, 2837, 2810, 1679, 1594, 1524, 1436, 1364, 1251, 1193,
1124, 1041, 884, 797, 789, 745, 701 cm™!; MS (MALDI-TOF)
caled for [CgsaH75C13NOg] ™ m/z 1368.48, found 1369.67 [M + H]*.
Anal. Calcd for Cg4sH75C13NgOq: C, 73.59; H, 5.51; N, 6.31. Found:
C, 73.56; H, 5.53; N, 6.14.

Acknowledgment. The authors gratefully acknowledge the
Thailand Research Fund (TRF) for financial support (RMU488004 1
and RTA4880008) and the Royal Golden Jubilee Ph.D. Program
of TRF (PHD/0137/2546).

Supporting Information Available: Experimental proce-
dures and spectroscopic data for all new compounds including
NMR spectra and crystal structures of N-benzylhexahomotri-
aza-p-chlorocalix[3]trinaphthylamide (1) (CIF) and N-benzyl-
hexahomotriaza-p-chlorocalix[3]tri(ethyl acetate) (2a) (CIF).
This material is available free of charge via the Internet at
http://pubs.acs.org.

JO800461R

J. Org. Chem. Vol. 73, No. 14, 2008 5577



Subscriber access provided by CHULALONGKORN UNIV
Articles

Self-Assembly and Electrochemical Oxidation
of Polyamidoamine#Carbazole Dendron
Surfmer Complexes: Nanoring Formation
Chatthai Kaewtong, Guogian Jiang, Mary Jane Felipe, Buncha Pulpoka, and Rigoberto Advincula

ACS Nano, 2008, 2 (8), 1533-1542+ DOI: 10.1021/nn800098; * Publication Date (Web): 25 July 2008
Downloaded from http://pubs.acs.org on March 31, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

W High quality. High impact. ACS Nano is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036



Self-Assembly and Electrochemical
Oxidation of Polyamidoamine—
Carbazole Dendron Surfmer Complexes:
Nanoring Formation
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upramolecular nanostructures de-

rived from self-organizing molecules

and macromolecules are of high inter-
est for achieving new functions and proper-
ties in the fields of material science and
chemical biology.'™® Dendrimeric self-
assembly, especially in the case of polyami-
doamine (PAMAM) dendrimers, has at-
tracted increasing attention in recent years
because of their unique structures, interest-
ing properties, and ready availability.”'®
Their potential applications in medicine, ca-
talysis, gene therapy, and nanoreactor sys-
tems have been explored in the past de-
cade or s0."”7'° These dendrimers are
composed of a central core (ethylenedi-
amine, in this study) with amidoamine
branching units that extend outward in a
symmetric fashion and consist of n genera-
tions (layers). Polyamidoamine is a mono-
dispersed, highly branched macromolecule
with primary amine functional groups on
the surface and amido units at the branch
points in the interior including internal ter-
tiary amines. Recently, a number of studies
have focused on the interaction and aggre-
gation behavior between PAMAM dendrim-
ers and surfactants in aqueous solution
such as SDS,%°~%3 poly(ethylene glycol),
and dodecanoic acid.?®> However, up to
now, there has been no attempt to use
PAMAM—surfactant complexes as tem-
plates for directed polymerization. Tem-
plate polymerization is a useful method to
obtain multicomponent materials.?6~2% A
polymer can be used as a template to asso-
ciate monomers by noncovalent interac-
tions such as hydrogen bonding, electro-
static forces, dipole forces, and other
interactions, followed by polymerization of

24

Www.acsnhano.org

ABSTRACT We report a detailed and quantitative study on the supramolecular complexation of amine-

functionalized polyamidoamine (PAMAM) dendrimer G,-NH, with carboxylic acid terminal dendrons containing

peripheral electroactive carbazole groups of different generations (G,CO0H, G,CO0H, and G,COOH). While the focus

is on a detailed understanding and mechanism of complex formation, subsequent electrochemical oxidation of

the dendron surfmers resulted in the formation of nanoring structures electrodeposited on the conducting

substrate. Complexation was confirmed by NMR, UV—uvis, and IR measurements. Critical micelle concentration

(CMC), atomic force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS) studies revealed that the

ringlike structures were formed during the equilibrium —decomplexation stage and that the electrochemical

process did not destroy the complex but rather stabilized it. The different generations of the dendrons provided

various structures and complex formation efficacy. This type of template polymerization combined with

electrochemically anodic oxidation has not been previously reported.

KEYWORDS: carbazole dendron - PAMAM - complexation - template

polymerization - nanoring

the monomers on the contours of the tem-
plate.? Thus, a template acts as a structure-
directing agent guiding the topology of
the polymerization process. In direct tem-
plating, a change of dimensions or phase
transitions occurs, and the templated mate-
rial becomes a 1:1 copy of a template. Tem-
plate polymerization of polyelectrolyte—
surfactant monomer (surfmer) complexes

is a primary example and has been previ-
ously reviewed.>** They were successfully
demonstrated in the polymerization of a va-
riety of lipid assemblies with preservation of
the mesostructures. However, y-irradiation
has been shown to degrade the monomer
in the initiation step of a polymerization re-
action within smectic liquid —crystalline lay-
ers.>> Recently, Faul et al.3%3" have been
able to preserve the lamellar phase struc-
ture of polyelectrolyte—surfmer surfactant
(di(lundeccenyl)phosphate and a-w-diene)
complexes through a dithiol polyaddition
strategy. The outer shell of a nanosized
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64 x NH,

Figure 1. PAMAM dendrimer G,-NH, with carboxylic acid terminal dendrons containing peripheral electroactive carbazole groups of
different generations (G,COOH, G,COOH, and G,COOH). The optimized structures of G,COOH built from the Gaussian 98 B3LYP/
STO-3G output file using the “Molekel” software are also shown.

macromolecule can be intracross-linked in a controlled
manner through metathesis polymerization techniques.
Zimmerman et al. previously reported the “self-
assembly” of homoallyl dendrons into a cored den-
drimer, and reversibility of the ring-closing metathesis
mediated cross-linking of the dendrimers.3%3”
Electroactive groups such as pyrrole®*3° and
thiophene®®*' containing surfactants have the potential
for producing new hybrid and electro-optical materials.
Because of the electroactive moieties, they are not only
polymerizable but also potentially electrically conductive
when polymerized. Nanowire structures of polypyrrole,
polyaniline, and thiophene have been realized which
could serve as new conducting fibers.*>~** On the other
hand, carbazole polymers have been of recent interest
due to their interesting electrochemical homopolymeriza-

"™~

tion and copolymerization behavior.*> They exhibit inter-
esting electrochromic properties as well.*® The ability of
polycarbazole to form two distinct oxidation states fur-
ther leads to multichromic effects.*”~*° Furthermore,
polycarbazole is well-known as a hole transport mate-
rial.>° Morin and Leclerc reported the synthesis of a se-
ries of 2,7-carbazole-based conjugated polymers and
their unique electrochemical and optical properties.®'>*
A recent review highlighted the interesting electrochemi-
cal and optical properties of oligomeric and polymeric
carbazole-based materials as well as their tunable physi-
cochemical properties using different synthetic strategies
and substitution patterns.>®

In this paper, we report a detailed and quantitative
study on the supramolecular complexation of amine-
functionalized PAMAM dendrimer G,-NH,, with carbox-
ylic acid focal point functionalized dendrons
containing terminal electroactive carbazole
groups of different generations (G,COOH,
G,COOH, and G,COOH) (Figure 1). The focus is
on a detailed understanding and mechanism
of complex formation and subsequent elec-
tropolymerization properties with the different
generations of the dendron surfmers. In the
process, we observed the formation of interest-
ing nanoring structures that preceded the elec-
tropolymerization process. The rest of the work
involved understanding the nature of this nano-
structure formation. To the best of our knowl-
edge, there has been no report in which tem-
plate polymerization was applied with a
dendrimer—surfmer complex via electropoly-
merization.

10

§

6 1 2

A@N%VNK@ VOL.2 = NO. 8 =

0 PPM

Figure 2. "H NMR spectra (300 MHz, 298 K) in CDCI; of 2 mM solutions (based on the
concentration of PAMAM) of (a) G,COOH and (b) complex of PAMAM—G,COOH.

RESULTS AND DISCUSSION

The amine-terminated, ethylene diamine
core, G,-poly(@amidoamine) dendrimer (G,[EDA]
PAMAM-NH,), has 64 primary amines on the
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surface. The surfmer an- 2.0

e
ionic carbazole (CBz) den- (a) = PAMAM_MeOH 8004 (b) 100 CHC,
drons (G,COOH, G,COOH, = G1COO0H_CHCL, o

15 ~s G1COOH_MeOH
and G,COOH) were pre- —— PAMAM#G1_CHCI, 6004 )
pared according to modi- g e PAMAM+G1_MeOH £fu
= )
fied procedures recently re- g 1.0 i o 20]
ported by our group _§ £ o]
(details in the Supporting < Wavelength,om
Information or SI).>® The = 200
’ - G1COOH
zero-, first-, and second- 1 —— G1COOH+PAMAM
generation anionic den- 004 y . 0 - : e —
250 300 350 350 400 450 550

dronized macromolecules
were selected to form ionic
supramolecular complexes.
The entire set of complexes
between the dendron sur-

Wavelength, nm

Wavelength, nm

factants and PAMAM was
carried out with stoichio-
metric ratios of the carboxy-
lic acid group on the den-
drons and the primary
amines on the surface. A
suspension of CBz dendrons
(6.4 wmol) was prepared in
MeOH (0.82 mL). It was then

Transmittance

Figure 3. (a) UV—vis absorption spectrum of G,COOH solutions in MeOH and CHCI, before and after com-
plexation with PAMAM. (b) Fluorescence emission spectrum of G,COOH before and after complexation with
PAMAM, A, = 293 nm, A, = 360 nm.

0.00

0.02 4

004 PAMAM+G,COOH

Transmittance

0.06 4

0.08

stirred at 25 °C, after which
the G,-PAMAM solution (0.1
pmol in 0.18 mL of MeOH)
was added dropwise. After
24 h, a clear solution was ob-
tained. The formation of the spherical assemblies of
the G,COOH and G,COOH with G,-PAMAM was then
monitored by "H NMR spectroscopy in CDCls. In the ab-
sence of PAMAM, the "H NMR spectra chemical shifts
of G,COOH were very clear, sharp, and assignable as
shown in Figure 2a as well as G,COOH in Figure S1.
When PAMAM was titrated into the G,COOH and

G, COOH solutions, all signals shifted upfield, and the
resonance for the spectra broadened after stirring for
24 h, suggesting the translational movement and com-
pact aggregation of the dendrons to the PAMAM
surface.’”~>° The chemical shifts of the PAMAM den-
drimer were also detected at 8 = 2.0—3.5 ppm. How-
ever, despite several attempts, complexation of
G,COOH with PAMAM was not observed, which may
be the result of steric effects and lack of solubility in the
G,COOH. The UV—vis spectra before and after the com-
plexation of G,COOH and G,COOH with PAMAM are
shown in Figure 3a. Absorption peaks are observed at
265, 295, 330, and 345 nm, which are typically assigned
to the m—m* and n—* transitions of carbazole.®~%3

In the case of the G,COOH, it can be dissolved in more
polar (MeOH) as well as less polar (CHCI;) solvents. In
MeOH, the peaks are ~5 nm blue-shifted when com-
pared with those of CHCl; solution. On the other hand,
G,COOH could be dissolved very well in CHCl; but was
insoluble in MeOH. This eventually influenced the

Www.acsnhano.org
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G,COOH—PAMAM to have stronger aggregation char-
acteristics as compared to the G,COOH—PAMAM in
MeOH. In all cases, hypsochromic shifts were observed
upon addition of PAMAM into the solutions of G,COOH.
As shown in Figure 3b and Sl Figure S3, fluorescence
studies revealed a decrease in fluorescence emission up
to 70% upon addition of PAMAM. The quenching phe-
nomenon is most likely attributed to the conforma-
tional change®*°° due to aggregation of the carba-
zole groups as they stacked on the periphery of
PAMAM. It should be noted that the equilibrium be-
tween complexation and decomplexation has an influ-
ence on the percentage of quenching. Accordingly, up
to 30% of the quenching with G,CCOOH—PAMAM is at-
tributed to the formation of complex species, consistent
with their aggregation properties.

To further test whether the PAMAM actually formed
complexes with G,COOH and G,COOH, FT-IR spectra
were recorded after 24 h addition of PAMAM solution
to G,COOH and G;COOH (at 25 °C, clear solutions were
obtained). Shown in Figure 4 a are the IR spectra of
PAMAM, G,COOH, and the G,COOH + PAMAM com-
plex (KBr). The carboxylic acid vibrations for G,COOH
were found to be at 1690 cm ™' ((=O0 stretch, dimer)
and at 1373 cm ™' (C—O stretch, dimer) and changed to
a broad diffuse band between 1500 and 1760 cm ™' in
the spectrum of the G,COOH—PAMAM complex result-

2500 2000 1500
Wavenumber, cm™

Figure 4. FTIR spectra of (a) PAMAM, G,COOH, and the G,COOH—PAMAM complex and (b) G,COOH and
the G,COOH—PAMAM complex. Resolution is at 4 cm™" for each spectrum.
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(2) '

()

(b)l

Figure 5. WCA measurement for: (a) PAMAM (0°); (b) complex PAMAM—G,COOH
(55.7°); and (c) complex PAMAM—G,COOH (80.3°).

Figure 6. AFM image (1 X 1 pum) of the individual PAMAM—G,COOH complexes on a mica substrate
prepared from MeOH. The average diameter of the complexes was determined to be 7.0 = 0.5 nm, and
here the heights of the chosen particles were estimated to be ~10 nm from the step-depth analysis.

ing from the ionic ammonium carboxylate structures.
The same results were observed on the studies of
PAMAM—G,COOH, where the carboxylic dimer peaks
at 1758 and 1303 cm™ ' changed to broad diffuse bands
of ionic carboxylate structures between 1500 and 1600
cm ™', According to these results, it can be concluded
that 1:1 stoichiometric complexes were formed similar
to previously reported fluorinated®” and nonfluorinat-
ed®® polyethyleneimine complexes.

Contact angle measurements were also carried out to
investigate the complexation. In this case, the complex-
ation should reduce the hydrophilicity of the PAMAM and
the dendrons (Figure 5). The dilute solutions of the
PAMAM and the complexes were spin-coated on a pre-
cleaned and plasma treated Si-wafer flat substrate. The
films prepared from the complexes of G,COOH and
G,COOH and the PAMAM solutions resulted in a change
of the static water contact angle (WCA) (0° to 55.7°,
G,COOH, and 0° to 80.3°, G,COOH). This confirmed the
complexation of PAMAM with dendrons based on a
change in the hydrophilic—lipophilic balance (HLB) com-
pared to the completely wetted PAMAM—Si-wafer sub-
strate, with a WCA of 0°. The large increase in WCA is due
to the hydrophobicity of the carbazole groups forming
the outer shell of the dendrimers. From these results, it
can also be inferred that the G,COOH is strongly associ-

ated on the peripheral of the dendrimer and is
fully complexed compared to G,COOH, as con-
firmed by the larger WCA increase on the former.
The formation of the individual
PAMAM—G,COOH dendrimer—surfmer com-
plexes was directly observed by atomic force mi-
croscopy (AFM) as shown in Figure 6 and SI Figure
S4. Very dilute solutions of 1 wM of the
PAMAM—G,COOH complexes in MeOH and CHCl,
were spin-casted onto mica substrates. Isolated
nanoparticles of the dendrimer complexes were
observed on the surface when 10~ M concentra-
tion was used. The particle diameter of PAMAM is
4.0 = 0.5 nm, and PAMAM —G,COOH complexes in MeOH
and CHCl; are determined to be 7.0 = 0.5 and 16.5 =
1.0 nm, respectively. The difference in the complex’s size
was verified by molecular modeling (Gaussian 98 with
B3LYP/STO-3G basic set) (Figure 7). From optimization of
the structures, two different conformers were found to
have the same minimum energy. The sizable increase
with complexation is dependent on the polarity of sol-
vent. It can be noted that conformer a will be present in
MeOH to avoid the polar solvent and conformer b will be
present in CHCl;, a more nonpolar solvent. Moreover, by
decreasing the generation of dendron to G,COOH, a
smaller increase of the diameter with 4.3 = 0.5 nm was
found, as demonstrated in S| Figure S4. It is clear that
G,COOH has a stronger aggregation after complexation.
Cydlic Voltammetry Studies. The studies on electrochemi-
cal oxidation of carbazole have been reported for some
time now. Ambrose et al. investigated the mechanism
of anodic oxidation of carbazole and its N-substituted
derivatives.®®”° During the anodic oxidation process,
coupling of two carbazolium radical cations at 3 and 3’
positions seems to be the predominant pathway, espe-
cially in the case of N-substituted derivatives. The highly
stable N-substituted 3,3’-dicarbazyl prohibited the for-
mation of more extended conjugation units, e.g., oligo-
or polycarbazole. On the other
hand, Schreck et al. reported the
electrodeposition of a longer con-
jugation of “polycarbazole” (most
likely tetramer) film under protic

media.”"””? More recently, electro-

1 chemical analysis also suggested

anodic oxidation only led to 3,3'-

dicarbazyl formation in the case of

A As

2,7-carbazole-based conjugated

d N/

@Y \PH Y

polymers.>* Herein, we aimed to

/AKEN/WD VOL.2 = NO.8 =

nm

employ cyclic voltammetry to an-
odically oxidize and cross-link the
carbazoles on the PAMAM periph-
ery and understand the effect of

CV conditions (monomer concen-
tration, applied potential, etc.) on
the eventual optical and morpho-
logical properties of the electrode-
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posited films. The precursor complexes
(PAMAM—G,COOH and PAMAM—G,COOH) were elec-
tropolymerized and deposited on ITO substrates. The
cyclic voltammetry (CV) curves are shown in Figure 8
and Sl Figures S5 and S6. The potentials were cycled
from 0to 1.1, 1.3, and 1.5V at a scan rate of 50 mV/s
against Ag/AgCl reference electrode and platinum
counter electrode. At a concentration of 10~° M, no ap-
parent redox peaks were observed on the anodic scan
up to a potential of 1.1 V (Figure S5). As we can see from
Figure 8a and b, when the potential window increased
up to 1.3 and 1.5V, the first oxidation peak was ob-
served at 1.1 V resulting from the formation of carbazo-
lium radical cations which underwent rapid coupling
to 3,3'-dicarbazyls. Starting from the second anodic
scan, two new peaks at 0.85 and 1.27 V appeared, cor-
responding to the radical cation and bication species of
the dimer units, respectively. These results were in
good agreement with earlier reports.®%¢%7%73 How-
ever, at a concentration of 107> M, the shape of the re-
dox peaks in Figure 8c and d was not as pronounced
as those at the lower concentration. This might be due
to the nature of greater aggregation of the complexes
at the higher concentration. In particular, as shown in
Figure 8d, the redox peaks became much broader, indi-
cating a more heterogeneous electron transfer pro-
cess. This heterogeneous electron transfer is also likely
a consequence of thicker films deposited during each
CV cycle and can be confirmed by the higher intensity
of the absorption peaks (fol-

(@)

3.32 nm 1.23 nm

1.56 nm

0.76 nm

Figure 7. Optimized structures of G,COOH built from the Gaussian
98 B3LYP/STO-3G output file using the “Molekel” software.

increasing m orbital overlap between neighboring re-
peating units on conjugated molecules can directly af-
fect the observed energy of the w—* transition which
appears as the absorption maxima in the electronic
spectra. The values of the absorption maxima for the
different generations are closely linked to their degree
of coupling. The extended appearance of the m—m*
transition at 420—440 nm, which is attributed to the
radical cations (polaronic band or doped state), is
shown in Figure 9.°%697535? The peak between 600
and 1000 nm can be assigned to the w—* transition
of the dications (bipolaronic band or more highly
doped state) originating from the formation of the con-
jugated 3,3’-dicarbazyl species complexing with
hexafluorophosphate ions. From the spectra, the peaks

lowing section). A small dif- 25
ference of the oxidation on- 20+ @
sets was recorded in the a0
anodic scans as shown in

Figure 8 and Figure S6 and . 107

as summarized in Table S1. 3 £
However, shape and peak il

positions are obviously
unique for different concen- B
trations and potential win- 104

15

[®

10 4

i(pA)
i

dows of the dendron com-
plexes. From Table S1, it is
obvious that

02 00 02 04 06 08 10 12 14
E (V vs. Ag/AgCl)

0.2 00 02 04 06 08 10 12 14 1.6
E (V vs. Ag/AgCl)

PAMAM—G,COOH shows a 30 (c)
higher AE(E,, — E, ) value 25
than that of o]
PAMAM—G,COOH which in- :
dicates a more heteroge- = 15'_
neous and slow electron- 3__' 10
transfer rate for these 5]
complexes.>® il
Spectroelectrochemical . |

Characterization. The elec-

404 (d)

trodeposited films were fur-
ther characterized by elec-
trochemical UV—vis spec-
troscopy. The extent of the
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Figure 8. Cyclic voltammograms of the electrochemical polymerization of PAMAM—G,COOH complexes at a

scan rate of 50 mV/s, 10 cycles: (a) 10~ M, potential window from 0 to 1.3V, (b) 10~ M, potential window from

0to 1.5V, (c) 10~° M, potential window from 0 to 1.3 V, (d) 10~> M, potential window from 0 to 1.5 V.
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E (V vs. Ag/AgCl)
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Absorbance

Figure 9. Absorption spectra analysis performed in 0.1 M TBAPF,/CHCI; on ITO substrates in the presence of dif-
ferent concentrations and potential windows. (a) PAMAM—G,COOH, (b) PAMAM—G,COOH.

Figure 10. Tapping-mode AFM topography images of PAMAM—G,COOH complexes after being electropoly-
merized on ITO at a scan rate of 50 mV/s, 10 cycles: (a) 10~® M, potential window from 0.0to 1.5V, (b) 107> M,

ticle that may likely

PAMAM-GO contain a PAMAM core
——10°-1300 mV with the G,COOH shell
—10:-1500 mV (Scheme 1). This kind of
—10_"1300 mV feature was observed
= 1071500 mV

repeatedly with solute
evaporation’ and is
presumably related to
the overall hydropho-
bic—

hydrophilic balance

0.06
(a) PAMAM-G1 0.045{ ()

——10%1300 mV
e 10°-1500 MV

0.04 ——10"-1100 mV
——10"-1300 mV g 0.0304
——10*-1500 mV -

w
0.02 < 0.015
0.00 . . . . 0.000 .
400 600 800 1000 400

Wavelength (nm)

at high concentration and highly applied potential
show extraordinary increases of the peak intensity at
~430 nm, and the appearance of the broad peak in the
600—1000 nm region confirms the highly conjugated
nature of the materials deposited on the ITO substrates.
Morphological Studies. The morphology and molecular
orientation of the dendron complexes after electro-
chemical deposition on ITO substrates have been stud-
ied using AFM measurements. In the case of
PAMAM—G,COOH at low concentration (10~° M) and
applied potential of 0—1.3 V, the AFM image in Figure
10a showed unique nanostructures (and also in Sl Fig-
ure S7). These ringlike structures were ~75 nm in diam-
eter and ~13 nm in height. Interestingly, this height is
close to the full diameter of a PAMAM—G,COOH nano-
particle diameter in CHCl,. The diameter of the nanor-
ing structure also closely resembles a donut shape par-

1000

800

600
Wavelength, nm

property.”>”® To inves-
tigate the mechanism
that drives the morpho-
logical change from
the micellar nanosphere (before electro-deposition) to
ringlike (donut) nanostructures (after electrodeposi-
tion), two experiments were performed to determinate
when the nanoring structures are formed as illustrated
in Scheme 1.

The micellization phenomenon of G,COOH was
first investigated. If the critical micelle concentration
(CMQ) is equal to and/or less than the concentration of
G,COOH that was used to make PAMAM—G,COOH
complexes, the nanoring can be generated between
the equilibrium of the G,COOH micellization and the
weak complexation equilibrium with the PAMAM. How-
ever, if the CMC is higher than the concentration of
G, COOH used, the equilibrium between weak and
strong complexation with PAMAM should be preferred.
We have studied the solubilization of the dye Nile Red
as a function of the concentration of G,COOH in order
to determine the CMC.””
Shown in Figure S8a is the
UV—vis spectra before and
after micelle formation,
while Figure S8b repre-
sented the fluorescence
spectra at A, = 570 and
Nem = 655 nm of different
solutions of G,COOH. The
dendron solution was
stirred for 2 h in the pres-
ence of Nile Red and then
filtered to remove unsolubi-
lized dyes. The CMC of this
system was found to be
70.0 wM. From the experi-

ment, a 6.4 .M concentra-

potential window from 0.0 to 1.3 V.

/AKEN/WD VOL.2 = NO.8 =

? ] tion of G,COOH was used
\Vf \\, £ 0 ![[ \ rf '\\ ;‘ \ . for dendron complexation,
=9 / == 1-?] | 7 }' e and a concentration of 1.0
v :15 ~ NI wM was used for the CV.
0 25 50 75 100 125 150 175 0 200 400 600 800 This means that the nano-

ring structures could have
only formed at the equilib-
rium between the strong
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complexation and weak complexation
stage as presented in Scheme 1 since
there are not enough unimers to form
free G,COOH micelles based on these
concentrations.

To test whether the nanoring struc-
tures could not have developed in the
absence of PAMAM, we also studied the
electrochemical oxidation of G,COOH
alone. The CV curves in Figure S9 exhib-
ited similar oxidation and reduction
peaks of the highly conjugated dicarba-
zyls. The linear current increase and AE
change indicated that G,COOH can
also be effectively deposited on ITO
with even greater efficiency than the
PAMAM—G,COOH. The in situ spectro-
electrochemical studies also showed
the typical w—* transitions of the po-
laronic and bipolaronic bands of conju-
gated carbazoles. However, no ringlike
nanostructures were observed on the morphology
from the AFM images (Figure S10).

To further understand the components of the de-
posited film on the ITO, XPS spectroscopy was used to
determine the composition of the deposited film based
on the C/N ratio. Shown in Figure S11 is the high-
resolution XPS spectrum of PAMAM—G,COOH elec-
trodeposited film on ITO for C and N atoms. In all quan-
titative analyses, the theoretical value is assumed on
the basis of 100% electrografting. For the 10~° M of
PAMAM—G,COOH electrodeposited with an applied
potential up to 1.5V, an experimental
value of C/N = 7.95 was obtained
which is higher than the theoretical
value of PAMAM + G,COOH at C/N =
7.07. This higher value indicates the in-
corporation of a slightly larger amount
of the surfmer compared to the
PAMAM core. Thus, during the electro-
chemical oxidation of the dendrimer
complex, it is possible that the PAMAM
was decomplexed into the solution
subphase during the nanoring forma-
tion near the weak complexation equi-
librium. Furthermore, since the sur-

Weak complexation Strong complexation
G,COCH
d —_— —
electropolymerization

PAMAM

Nanoring structure

Scheme 1. Description of the formation of the nanoring structures between the equilib-
rium of decomplexation, weak complexation and strong complexation.

of a higher ordered core—shell ring (or donut) struc-
ture composed of a higher content of G,COOH shell
with PAMAM remaining as an interior template sup-
port during the electrochemical CV procedure.

Finally, to test the uniqueness of the dendron com-
plexation phenomenon, we covalently bonded the
G,COOH to PAMAM to form a carbazole amide func-
tionalized dendrimer (PC). The synthesis, purification,
and characterization of this derivative are reported in
the Supporting Information. The electopolymerization
was carried out with the same parameters as with the

fmers are not likely to form micelles at : A : ‘-’”‘-

the 10~° M concentration used, the 2 A | AL 4 = =

ring formation resulted in expulsion of g g AN A LA 2 fl L‘ l,-ml- = ,ﬁ“u ~A

the PAMAM and at the same time the :_2 !! /RN IRIRIVEE E_g [ W/ I\L ||‘ : 1 7 : "'-..-‘f T

electropolymerization of the dendron 4 ‘V ‘! l' l[."ﬁ, l‘\]] 4l WY [ \

surfmer units. This explains the higher -6 ¥ .5' i ¢ | ]

experimental C/N ratio observed from 0 02 04 06 08 1.0 12 1.4 0 02 04 06 08 10 12 14
Hm HmM

XPS and is supported by AFM, CMC,
and even fluorescence data (carbazole
aggregation). The rings then are
formed largely due to the formation

functionalized
mV/s, 10 cycle
dow from 0 to
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Figure 11. AFM topography images of 2-(3,5-bis(4-(9H-carbazol-9-yl)butoxy)phenyl)acetoyl-

PAMAM (PC) after electropolymerization on ITO electrodes at a scan rate of 50
s: (a) 10~° M, potential window from 0 to 1.3 V, (b) 10> M, potential win-
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PAMAM—G,COOH complexes. At the low potential ap-
plication (1.3 V), a good trend of increasing oxidation
potential onset was observed with the increase of
cycles, but the CV curves shifted to higher anodic po-
tential (£,,) and the reduction peaks shifted to lower ca-
thodic potential (E,.) compared to the noncovalent
PAMAM—dendron complexes as shown in Figure S7.
Degradation was observed after applying the higher
potential at 1.5 V which may come from the lack of
availability of more mobile electroactive monomers.
Moreover, the UV—vis spectra revealed the formation
of similar polaron and bipolaron peaks as shown in Fig-
ure S13. From the morphology (Figure 11) as imaged
by AFM, the PC film did not show nanoring formation
at all but a rough and patchy surface that was macro-
scopically more nonuniform.

CONCLUSION

We have demonstrated the successful self-assembly
and complexation between the dendrimer template
(PAMAM G,-NH,) and dendron surfmers (G,COOH,
G,COOH,). The increasing steric hindrance of a den-
dron prevented complexation as in the case of
G,COOH. Hypochromic shifts in the UV —vis spectra
and quenching of fluorescence indicated that G,COOH

EXPERIMENTAL SECTION

Chemicals and Methods. All chemical reagents were purchased
from Aldrich Chemical Co. unless otherwise stated. Solvents
were acquired from Fisher. Tetrahydrofuran (THF) was distilled
over sodium/benzophenone ketyl, and N,N-dimethylformamide
(DMF) was purchased anhydrous or otherwise dried over Linde
type 4-A molecular sieves. Commercially available reagents were
used without further purification unless noted otherwise. N-(4-
Bromobutyl)-9H-carbazole was prepared according to literature
procedures.”®

Instrumentation. Nuclear magnetic resonance (NMR) spectra
were recorded on a General Electric QE-300 spectrometer oper-
ating at 300 MHz for "H nuclei. UV—vis spectra were recorded us-
ing an Agilent 8453 spectrometer. UV—vis measurements of
the films were carried out in situ on an ITO substrate. This was
done using a Teflon flow cell manufactured with a modified ITO
window and microscope slide window that was placed in the
path of an HP-8453 diode array spectrometer. All FTIR measure-
ments were performed using a Digilab FTS 7000 step scan spec-
trometer (Digilab, Randolph, MA) equipped with a liquid N,-
cooled MCT detector. KBr pellets were prepared by first mixing
the sample solutions with KBr, removing solvents under vacuum,
and then pressing the KBr using a 10 ton hydraulic press. The cy-
clic voltammetry (CV) experiments were carried out on a Prince-
ton Applied Research Parstat 2263 with an ITO substrate as the
working electrode coupled with a Pt plate as the counter elec-
trode and a Ag/AgCl wire as the reference electrode. Atomic
force microscopy (AFM) imaging was examined in ambient con-
ditions with a PicoSPM Il (PicoPlus, Molecular Imaging) in the tap-
ping mode.

Preparation of the Complexes. The amine-terminated, ethylene di-
amine core, Generation 4 poly(amidoamine) dendrimer (G,[EDA]
PAMAM—NH,, >99% purity) was purchased from Sigma-Aldrich
and used without further purification. It has 64 primary amines on
the surface and 180 tertiary amines at branch points within the
core. The anionic carbazole (CBz) dendrons (G,COOH, G,COOH,
and G,COOH) were prepared according to the modified proce-
dures that have been recently reported by our group, and the syn-

AVNK@ VOL.2 = NO.8 =

was trapped around the dendrimer. Ammonium and
carboxylate species were observed by FTIR. The isolated
sphere size was observed on the mica substrates. The
stronger complexation was observed in
PAMAM—G,COOH. The electrochemical oxidation of
dendrimer complexes as thin films revealed unusual CV
behavior depending upon the generation.
PAMAM—G,COOH showed a higher extent of anodic
oxidation, while PAMAM —G,COOH showed a higher
degree of aggregation. More interestingly, nanoring
structures were observed as the complex was depos-
ited on ITO indicating a type of supramolecularly-based
template electropolymerization of a dendrimer—
surfmer complex. The CMC, AFM, and XPS revealed a
ringlike or donut structure most likely composed of
the PAMAM —core and dendron—carbazole shell.
This was formed at the equilibrium of decomplex-
ation and weak complexation. In principle,

different generations of dendrons, different den-
drimer topologies, and other electroactive surfmer
moieties can result in a wider applicability of this
method, for electro-optical, drug delivery, sensing,
and other nanoscience and materials

applications.

thetic scheme and procedures were shown in the Supporting Infor-
mation. Complex preparation: zero-, first-, and second-generation
anionic dendronized macromolecules were selected to form ionic
supramolecular complexes as illustrated in Scheme 1. The entire set
of complexations between dendron surfactants and PAMAM was
carried out with stoichiometric ratios of the carboxylic acid group
on the dendrons and the primary amines on the surface. A suspen-
sion of CBz dendrons (6.4 mol) was prepared in MeOH (0.82 mL).
It was then stirred at 25 °C, after which PAMAM G4 solution (0.1
pmol in 0.18 mL of MeOH) was added dropwise. After 24 h, a clear
solution was obtained. 'H NMR spectroscopy was then used to
monitor the complexation behavior of the CBz dendron and
PAMAM every 2 h until complexation was found complete. All
samples were kept under nitrogen to avoid any contamination by
atmospheric carbon dioxide.
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