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The synthesis and characterization of copper complexes of the phenanthroline based bridging ligands, 9-methyl-
2-(2-{ 4-[2-(9-methyl-1,10-phenanthrolin-2-yl)ethyl]phenyl} ethyl)-1,10-phenanthroline, 1, and 1,12-his(9-methyl-1,-
10-phenanthroline-2-yl)dodecane, 2, are presented. Whereas in the first case a discrete dimeric complex [Cua(1)2](BF4).
was formed, in the latter, a coordination polymer [2(Cu(2)),](BF4), resulted. Both of these materials have been
characterized by cyclic voltammetry (CV), the electrochemical quartz crystal microbalance (EQCM), and UV-vis
spectroscopy and the results compared to those of the monomeric [Cu(dmp),](BF4) (dmp is 2,9-dimethyl-1,10-
phenanthroline) species. Oxidation of the dimeric species results in its precipitation and reduction results in stripping
of the deposited layer as ascertained from CV and EQCM measurements. The electrooxidation of the copper
centers in the coordination polymer results in changes in the coordination which are fully reversible upon reduction.
The dissociation/regeneration of the coordination polymer as a function of the redox state of the copper centers
has been characterized by CV, EQCM, and UV-vis spectroelectrochemistry.

Introduction Moreover, the redox chemistry of copper phenanthrolines

. : . .
Copper(l) complexes of 2,9-substituted 1,10-phenanthro- 's of particular Interest QUe to the fact t_hat [Cu(pheH)
undergoes a coordination change during redox processes,

lines have been and continue to be a primary area of interestTrom a four-coordinate tetrahedral geometry (T-4) in the

|n.§ontemporary trans!tlon metal coordination ch(_emlstry. Cu(l) state (é°) to a five-coordinate (or six-coordinate) state
Initially numerous studies were geared toward their use as . . . S
with a less clearly defined stereochemistry, upon oxidation

metal-selethe ana'lytlcal toci3ore rgcently therg has been to Cu(ll). The ability to deliberately control the microstruc-
a renewed interest in the photochemical properties of copper- S . .
ture of a coordination polymer by using macroscopic

(I) bis-1,10-phenanthroline compounds as candidates for the . ~ . . b S
development of photonic devices including sensors, photo- principles, through dissociation/binding ligands from/to metal
' centers by the applied potential, could have numerous

voltaic devices, and switchésThe photochemical and materials applications. With the goal of using this feature to
electrochemical properties of copper(l) phenanthroline com- . pp L heg 9
design electrochemically driven molecular motors and ma-

pounds have also been used to study their interaction with chines. Sauvade and co-workers prepared uniaue rotaxane
biological systems, in particular DNA intercalation and ! Y prep d
and catenane structures based on copper(l) complexes of 2,9-

scission® There have also been numerous studies of these . i :
types of complexes in relation to their biomimetic behaior. _subst|tuted 1,10-pr_1ena_nthrolm'é©_.ne ogtstan_dmg example
is the electrochemially induced ring-gliding in copper com-

*To whom correspondence should be addressed. E-mail: hdal@ plexed Catenan_es' where two |nterlocl_<|ng rngs contammg a
cornell.edu. 2,2:6',2"-terpyridine and a 2,9-substituted phenanthroline
(1) Diehl, H.; Smith, G. F.; Shildt, A. A.; McBride, L. CThe Copper ; _
Reagents, Cuproine, Neocuproine, Bathocuprolvel ed.: G. F. S. gnlt are connected through a copper(l) metal center employ
Publications: Powell, OH, 1972. ing the two phenanthroline ligands. The use of this supra-
(2) (a) Baranoff, E.; Colin, J. P.; Furusho, Y.; Laemmel, A. C.; Sauvage, mpolecular structure made it possible to deliberately switch
J. P.Chem. Commur200Q 1935-1936. (b) Castellano, F. N.; Meyer . . . . . .
G. J. Prog. Inorg. Chem.1997 44, 167-208. (c) Miller, M. T.. between coordination sites through oxidation and reduction
Karpishin T. B.Sens. Actuatoré999 61, 222—224. of the metal centef.
(3) McMillin, D. R.; McNett, K. M. Chem. Re. 1998 98, 1201-1209.
(4) Solomon, E. I.; Sundaram, U. M.; Machonkin, T.Ghem. Re. 1996
96, 3—2605. (5) Sauvage, J. FAcc. Chem. Red998 31, 611-619.
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An extension of the work on mononuclear copper(l) bis-

phenanthroline compounds, in part stimulated by the struc- T oA
tural elucidation of several mono-, di-, tri-, and tetranuclear 2 B,HZC_Q_CHZB,
copper-containing biomoleculéss the preparation of poly- 2 \_N, N_\ —_

nuclear structures. This area was pioneered by Lehn with

the preparation of dimeric copper complexes from 1,10-
phenanthroline-containing bridging ligantiater, similar

ligands were used to prepare grid-type, helical, double-

helical, and cylindrical structures and their properties,

especially the photochemical behavior, were studied thor- = ¢
oughly?

As a consequence of the work pursued in the area of
multinuclear coordination compounds, an interest in poly-
meric redox and photoactive copper based materials hasFigure 1. Synthetic pathways for the preparation of the two bridging
emerged. In an attempt to engineer photovoltaic devices, theligands1 and 2 through a 2-fold alkylation reaction af,o’-dibromoyp-
photochemical properties were combined with the unique xylene or 1,10-diiododecane with 2,9-dimethyl-1,10-phenanthroline.

electronic properties of conducting polymers. For example, _
pyrrol and oligothienyl moieties were connected to mono- [0 3 days. Tetrarbutylammonium perchlorate (TBAP, GFS

. . Chemicals) was recrystalized three times from ethyl acetate and
nuclear bis-1,10-phenanthroline copper complexes and the

troelectrochemical behavior of pol btained th hdried under vacuum for 96 h. All other solvents were used without
Spectroelectrochemical benavior of polymers obtained througny, e purification. All other reagents were purchased from Aldrich

electropolymerization with these precursors was stuthed. ;.4 used as received. Column chromatography alumina was
Rehahn et al. synthesizedpephenylene bridged copper(l)  purchased from ICN Biomedicals GmbH.
polymer based on 2,9-aryl-1,10-phenanthroline and studied 14 and13c NMR spectra were obtained on a Varian 200 (200
metal exchange mechanisms with Ag(l) through NMR MHz) and Varian Nova 400 (400 MHz) spectrometers in dichlo-
spectroscopy* romethaned, or chloroformd;. Coupling constants are given in
With the intent of generating a polymeric system with hertz. Mass spectra were recorded at the Cornell mass spectrometry
reversible binding/unbinding based on electron transfer, we facility on a Micromass Quattro 1 triple quadrupole tandem mass
report on the synthesis and characterization (NMR, MS, spectrometer operated in electrospray ionization mode—\¥
UV —vis spectroscopy) of novel copper(l) complexes con- spectra were recorded using a Hewlett-Packard 84.53'0r a 8451A
taining two 2,9-dimethyl-1,10-phenanthroline (dmp) moieties diode array spectrometer. For the spectrophotometnc titration, 250
which are linked by either p-xylene or am-decane bridge mL of a 40umol/L solution of2 in dichloromethane was titrated

. . . with 10 uL increments of a 50 mM [Cu(CCN),](PFs) solution
(Figure 1). Whereas the-xylene bridged ligand formed a and the U\~vis spectra were measured a 1 cmquartz cell.

dimeric structure, the less rigid decane bridged ligand giemental analysis was performed by Galbriath Laboratories, Inc.,
produced polymers. Using electrochemical, electrochemical noxville, TN.
quartz crystal microbalance (EQCM), and spectroscopic  gjectrochemical experiments were carried out with a BAS CV-
(UV—vis) techniques, the difference in redox behavior of 27 potentiostat. Three compartment electrochemical cells (separated
the two complexes was studied and their behavior comparedby medium porosity sintered glass disks) were employed. A
to that of the monomeric [Cu(dmg{BF.). platinum disk sealed in glass was used as the working electrode.
Prior to use, the electrodes were polished wighmidiamond paste
(Buehler) and rinsed with water and acetone. A coiled platinum
Materials and Techniques. Lithium diisopropylamide (2 M) wire was used as the counter electrode. All potentials are referenced
was purchased from Aldrich Chemical Co. and used as received.to a Ag/AgCl electrode without regard for the liquid junction
Methylene chloride (B&J) was dried ové A molecular seives potential. For rotating disk electrode (RDE) experiments, a Pine
Instruments analytical rotator and speed controller were utilized.

1.LDA
2.1(CHa)o

Experimental Section

(6) Livoreil, A.; Dietrich-Buchecker, C. O.; Sauvage, JJPAm. Chem.

S0c.1994 116, 9399-9400. The EQCM apparatus and instrumentation for resistance parameter

(7) (@) Holm, R. H.; Kennepohl; P. Soloman, EGhem. Re. 1996 96, measurements of the resonator have been previously desttibed.
2299, 1) Soloman, £ I Sundarem, U W Machonkin, TCBem: — Synthesis. (@) Ligand 1 Getod\s, 9-Methyl-2-(2 {4-[2-(5
Chemistry of CopperChapman and Hall: New York, 1993 methyl-1,10-phenanthrolin-2-yl)ethyl]pheny} ethyl)-1,10-phenan-

(8) Youinou, M. T.; Ziessel, R.; Lehn, J. Nhorg. Chem1991, 30, 2144— throline. Lithium diisopropyl amide (6.0 mmol, (3 mL, 2 M) in
2148. o . addition to a sufficient quantity to react with the water of hydration,

©) g.%ixéﬁrl’ggé %%?2@;7'\2:‘(%‘3?;?{13: E'chheet{ﬁ‘;j‘?_e,‘\’A":;%heeC?;ﬁ"r}i‘.; which was indicated when the solution started turning blue (ca.
Fischer, JAngew. Chem., Int. Ed. Engl993 32, 703-706. (c) Baxter, 2.5 mL)) was added via syringe to a stirred solution of 2,9-dimethyl-
P. N. W.; Hanan, G. S.; Lehn, J. Mchem. Commurl996 2019~ 1,10-phenanthroline (1.00 g, 4.8 mmol) in tetrahydrofuran (THF)

2020. (d) Slieman, H.; Baxter, P.; Lehn, J. M. Rissanen].KChem. _A0° ;
Soc., Chem. Commuri995 715-716. (¢) Marquis-Rigault A.: at—40°C under N. The deep blue solution was allowed to warm

Dupont-Gervais, A.; Baxter P. N. W.; Van Dorsselaer, A.; Lehn, J. 10 =5 °C and kept at this temperature for 1 h. After cooling to
M. Inorg. Chem.1996 35, 2307-2310. —20°C, a,a’-dibromop-xylene (0.50 g, 1.88 mmol) dissolved in

(10) (a) Vidal, P. L.; Divisia-Blohorn, B.; Bidan, G.; Hazemann, J. L.; Kem,  THF was added via syringe. The reaction was allowed to continue
J. M.; Sauvage, J. Rhem. Eur. J200Q 6, 1663-1673. (b) Bidan,
G.; Divisia-Blohorn, B.; Lapkowski, M.; Kern, J. M.; Sauvage, J. P.
J. Am. Chem. S0d.992 114, 5986-5994. (12) Takada, K.; Daz, D.; Abrura, H. D.; Cuadrado, |.; Casado, C.; Mara
(11) Velten, U.; Rehahn, MChem. Commuril996 2639-2640 M.; Morén, Losada, JJ. Am. Chem. S0d.997, 119 10763.
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for 4 h, and the solution was left to reach room temperature. The =

reaction was quenched with 10% NE (400 mL), and then the 2.5+ T <

solution was extracted with Gi8l, (3 x 200 mL). The remaining w 0.6

reactant was removed with an extraction with aqueous HGCt (3 o 2.0 § 0.4

100 mL, 0.1% HCI (v/v)). The organic phase was washed once § % 0.2

with 5% NaHCQ solution and twice with water. The solvent was -g 1.59 g ’

evaporated and the product was purified via column chromatography 2 2 0.0 , —
on alumina (neutral) using ether as eluent. Yield: 0.31 g (0.5 mmol, < 1.04 < 00 04 08 1.2
32%) Anal. Calcd for GHaoNsH.O: C, 80.57; H, 6.01; N, 10.44. Equivalents Cu(l)
Found: C, 80.58; H, 6.15: N, 9.684 NMR (CDCly): 6 8.14 (m, 0-57

4H), 7.71 (s, 4H), 7.51 (d, 4H] = 8 Hz), 7.48 (s, 2H), 7.25 (s, 0.04

13C NMR (CDChk): 6 162.24, 159.46, 145.51, 145.42, 139.44,
136.33, 136.30, 128.65, 127.24, 126.89, 125.64, 125.52, 123'50’Figure 2. Spectrophotometric titration @&with [Cu(CHsCN)4](BF4). The

122.72, 41.20, 35.46, 26.07. HR-MS (ESI). Calcd fogHziN4 inset shows the absorbance at 455 nm as a function of the Zuét)o
(M-+H¥): 519.2549. Found: 519.2553. (see Experimental Section for details).

(b) Ligand 2: CggH42N4, 9-Methyl-2-[12-(9-methyl-1,10-phen-
anthrolin-2-yl)dodecyl}-1,10-phenanthroline.Lithium diisopropyl formed, which was then collected through vacuum filtration and

amide (24 mmol (12 mL, 2 M)), in addition to a sufficient quantity  jnseq thoroughly with acetonitrile and dichloromethane.
to react with the water of hydration, which was indicated whenthe 014 302 mg (0.42 mmol, 85%) Anal. Calcd for 4&oNa)-

solution turned blue) was added via syringe to a stirred solution of Cu(BFRy): C, 64.73; H, 6.00; N, 7.95. Found: C, 64.03; H, 6.11;
2,9-dimethyl-1,10-phenanthroline (5.00 g, 24 mmol) in THF-40 N. 7.89.1H NMR (,Dl\/iSO-dG‘ 400 MHz) 0 8 80-8.60 (2’H ‘m) ’

°C under N. The deep blue solution was allowed to warm-t6 8.20-8.0 (2H, bm), 7.95-7.82 (2H, bm), 2.95 (2H, bs), 2.37 (2H
°C and kept at this temperature for 1 h. After cooling+80 °C s), 1.1 (2H b’s) 0.45 (4H, bs) 0.20 (4,H bs). o '

1,10-diiododecane (3.12 g, 7.9 mmol) dissolved in THF was added
via syringe. The reaction was allowed to continue for 4 h. and the
solution was left to reach room temperature. The mixture was
guenched with 10% NKCI (400 mL), and then the solution was

extracted with CHCI, (3 x 200 mL). The remaining reactant was . o ) .
removed with an extraction with aqueous HCIX200 mL, 0.5% synthesis of both bridging ligands was performed using

HCI (v/v)). The product was recovered through an additional acidic procedures similar to published ones for alkyl-substituted

extraction with HCI (4x 200 mL, 5% HCI (v/v)). The acidic extract ~ 2:2-Dipyridines and 2,26',2"-terpyridines (Figure 1)?
was neutralized with NaHC® which caused the product to ~However, the water molecules strongly bound to the diimine

precipitate out of solution. It was filtered and then extracted with functionality of 2,9-dimethyl-1,10-phenanthroline made it
CH,Cl, (3 x 300 mL). Yield: 2.5 g (4.5 mmol 57%) Anal. Calcd necessary to use an excess of base in order to generate the
for CsgHaoNg: C, 80.96; H, 7.69; N, 9.94. Found: C, 81.37; H, carbanion. The ligands were fully characterized wikh
7.70; N, 9.29. NMR, 3C NMR, high-resolution MS, and elemental analysis.

'H NMR (CDCk): ¢ 8.12 (d, 2H,J = 9 Hz), 8.09 (d, 2H,) = The subsequent coordination reactionlofvith [Cu(CHs-
9 Hz), 7.67 (s, 4H), 7.51 (d, 2Hl = 9 Hz), 7.46 (d, 2HJ = 8 CN)4](BF,) produced a dimeric compound [&M)2](BF,)2,
:2 ?i%(t(,qt;']f; i;'j), 2-23|_S), 6';)3101-3: (T;':'t)eltgé"l]\“\:/ls commonly found using similar bis-neocuroine bridging

Lo ' - P ' ' ligands® The dimeric nature of the compound was unam-

(CDCl): ¢ 163.45, 159.33, 145.51, 145.29, 136.23, 127.05, 126.82, b?guously confirmed through the observgtion of a 0.5 mass

125.48, 125.41, 123.40, 122.37, 39.69, 29.94, 29.88, 29.68, 29.64, = " .
26.03. HR-MS (ESI). Calcd for £HsNs (M + H*): 555.3488 unit difference between the isotope peaks of the ESI mass

Found: 555.3497. spectrum. o

(©) [Cux(L):](BF4)». The xylene-bridged ligandf (57 mg, 0.11 On the other hand, the use of the much less rigid ligand
mmol) was dissolved in 20 mL of Ci€l, under N gas and 2 under comparable reaction conditions led to the formation
[Cu(CHCN),J(BF,) (35 mg, 0.11 mmol) dissolved in thoroughly ~ Of @ polymeric copper compound(Cu(?))n](BFa)n. A
degassed CKCN was added via syringe. The reaction was allowed spectrophotometric titration of this polymerization reaction
to continue for 2 h, and the product was precipitated through the shown in Figure 2, exhibited a new absorption band at 450
addition of acetonitrile and filtered. The product was purified via  nm which, for [Cu(dmp)(PFs), has been attributed to a metal
an ether diffusion crystallization. Anal. Calcd for4flzoN4)2Cue- to ligand charge-transfer transition (MLC¥)The titration
(BFa)z: C,64.63 H, 4.52; N, 8.37. Found: C, 62.43; H, 4.66; N, a)50 established the overall 1:1 stoichiometry between the
?'gg'(gHN'\gg (gggc(lgﬁog) N'ZH;%‘S(;E’OWE)Z"'Z' Eg)'(\‘__?ﬁOlrrf)ZHéSbl‘f'?\hS ligand and _the copper clenter.s. Moreovgr, the presence of

: e, PRy R T sharply defined isosbestic points is consistent with a well-

(m/2): 581 (100%, [M - 2BR]?"). defined ilibri
(d) [2(Cu(2))](BF4)n. Under an atmosphere of nitrogen, the elined equiliorium process.

dodecane bridged ligar2l (277 mg, 0.5 mmol) was dissolved in

Wavelength [nm]

Results and Discussion

Synthesis of Ligands and Coordination Complexesthe

(13) (a) Murner, H.; von Zelewsky, A.; Stoeckli-Evans, Hhorg. Chem.

20 mL of CHCl,. Subsequently, [Cu(CIEN)4](BF4) (157 mg, 0.5 1996 35, 3931-3935. (b) Hayoz, P.; Von Zelewsky, Aetrahedron
mmol) dissolved in 20 mL of acetonitrile was added 10&el h 14 IEE)tt. l|992 33, 5165—5”168. o o )
; : ; 14) (a) Blasse, G.; McMillan, D. RChem. Phys. Lettl978 70, 1.
tlme period. The dlghloromethar]e was slowly evaporated from the Blaskie, M. W.: McMillan, D. R.Inorg. Chem.1980 19, 3519. ()
bright orange solution by leading a stream of nitrogen over the Igo, D.; Elder, R.; Heineman, WI. Electroanal. Chem1991, 314,
reaction mixture. During that procedure an orange precipitate 45-47
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Figure 3. (A) Current (CV) and (B) frequency responses as a function of 62 04 06 08 10 12 14 16

applied potential at 50 mV$ for a Pt EQCM electrode in contact with a E/V vs. Ag/AgCI
0.10 M TBAP/CHCI; solution containing 0.2 mM of [Cu(dmg)".

Figure 4. (A) Current (CV) and (B) frequency responses as a function of
. applied potential at 50 mV-4 for a Pt EQCM electrode in contact with a
The polymer was characterized throutth NMR spec- 0.10 M TBAP/CH(CI, solution containing 0.1 mM (0.2 mM metal site) of

troscopy, elemental analysis, and electrospray mass specliCuz(1)2]*".
trometry. Attempts to determine the molecular weight S )
through viscometry failed due to the low solubility of the “Stripping-like”, suggesting that the complex adsorbs/
polymer in commonly used solvents. precipitates upon oxidation and desorbs/strips upon reduction.
Electrochemical Studies The redox behavior of these ~The adsorption could also be confirmed by the continuous
materials was characterized using cyclic voltammetry (Cv) decrease in frequency upon oxidation. The decrease in
as well as the EQCM technique. Initial studies were carried frequency with each subsequent cycle indicates the build up
out using [Cu(dmp)™* as a model complex which served as ©f 2 film on the electrode surface, which is rapidly stripped
the basis for comparison for studies of the dimeric and Off upon reduction. The fact that even on the first anodic
polymeric materials. Figure 3 shows the current (cyclic SWeep there was a small increase in frequency (ca. 5 Hz at
voltammogram; A) and frequency changes (B) as a function T1:05 V) would imply that a film is already present on the
of applied potential betweer0.40 and+1.40 V vs Ag/ electrode surface and that cations are being expelled from
AgCl for [Cu(dmp)]* in a 0.10 M TBAP/CHCI, solution. the surface in order to maintain electrical neutrality. This
The complex exhibits a single redox wave with a formal could be due to the expulsion of eitheridrom dissociated
potential of+0.95 V, attributed to a Cu(l/Il) process, which ~ Complex or tetrar-butyl cations. In the latter case, this would
is in concert with previously found potentials for phenan- Necessarily imply that the film present on the surface contains
throline derived Cu complexé&.In the above-mentioned ~ SUPPorting electrolyte as ion pairs. »
EQCM experiment (Figure 3B), the virtually constant value 10 study changes in film morphology upon deposition and
of the frequency implies that the [Cu(dmp) is not redissolution, admittance measurements of the quartz crystal
depositing on the surface upon oxidation or reduction. The "€Sonator, on the basis of its electrical equivalent circuit,
voltammetric wave shapes for oxidation and reduction also Particularly the resistance parameter, were conducted. Figure
suggest that it is a diffusion controlled process. In addition, ® Shows the changes in the resistance parameter for the

the peak current was proportional to the square root of the equivalent circuit of the resonator versus time at applied
sweep ratep2, as would be anticipated for a diffusion potentials 0f+-0.40 and+1.40 V, where the charges of the

controlled process. complex arer-1 and+2, respectively. For [Cy1),]** (Figure
For the dimeric compound [G(L),]2*, Figure 4 shows 5), there was an increase in resistance-a#0 V which we

the cyclic voltammogram (A) and the concurrent frequency _attributed to an i_ncrease in film thicknes_s, since it continually

changes (B) as a function of applied potential betw&8mo mcrease_d .Wlth time. Moreover, the rgsstance dropped back
and+1.40 V. As in the previous case, there is a wave with t0 the original value when the potential was stepped back to
a formal potential of1.00 V which is, again, ascribed to a +0_.40.V._The_se.results were reproducible for multiple steps.

Cu(I/ll) process. The shape of the anodic wave is typical of 1Nis finding is in accord with the data from the EQCM

a diffusion controlled process, and the peak current is experiment, since both demonstrate the generation of a film
proportional tov*2, as would be anticipated. On the other ©ON the surface upon oxidation of the complex and stripping

hand, the shape of the reductive wave is much sharper and/Pon reduction. .
Figure 6 shows the cyclic voltammogram (A) and the

(15) Miller, M.; Karpishin, T.Inorg. Chem.1999 38, 5246-5249. frequency changes (B) as a function of applied potential for

768 Inorganic Chemistry, Vol. 41, No. 4, 2002
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Figure 5. Changes in resistance parameter as a function of applied potential
and time for the equivalent circuit of the resonator at applied potentials of
+0.40 and+1.40 V vs Ag/AgCl in a 0.10 M TBAP/CBLCI, solution
containing 0.1 mM (0.2 mM metal site) of [G{1)2]%*.

— 1 1

06 08 10 12 14 18
E/V vs. Ag/AgCl

Figure 6. (A) Current (CV) and (B) frequency responses as a function of
applied potential at 50 mV-3 for a Pt EQCM electrode in contact with
a 0.10 M TBAP/CHCI, solution containing 0.2 mM (metal site) of
[2(Cu@)n"™.

0.4

[2(Cu(@2))-]™". As in the case of [Cu(dmg)” and [Cu(1)5]?",

the cyclic voltammogram (Figure 6A) exhibits a wave with
a formal potential of+1.00 V, ascribed to a Cu(l/Il) redox
process. However, it is also evident that, contrary to the
behavior of [Cy(1),]?*, the cathodic sweep did not have a
“stripping-like” shape. Also contrary to the behavior of
[Cux(2),)%", the frequency (Figure 6B) decreased during the

reduction process (and increased in the oxidative sweep).

Although somewhat speculative in our part, we believe that

360 T
+04V i +14V +04V +14V +0.4V
340 i
a
E 6000 Lo co0ooo0
Soop®eee b e%e
320 - A
300 1
-5 0 5 10 15 20 25
Time / min

Figure 7. Changes in resistance parameter as a function of applied potential
and time for the equivalent circuit of the resonator at applied potentials of
+0.40 and+1.40 V vs Ag/AgCl in a 0.10 M TBAP/CLLI, solution
containing 0.2 mM (metal site) of th&Cu())n]"".

be required to satisfy the electronic requirements of Cu(ll)
but neither the solvent (Gi&l,) nor the supporting electrolyte
(TBAP) will be effectual for this purpose. To understand
the nature of the electrode processes, closer inspection of
the changes in the voltammogram and the EQCM response
is necessary. First of all, both anodic and cathodic waves
are observed, suggesting a simple redox process. It is also
apparent that the peak currents for the oxidation and the
reduction processes are similar, indicating that the reduced
and oxidized species are chemically stable within the cyclic
voltammetric time scale. These observations would suggest
that if there is partial dissociation (due to the structural
changes induced by the redox reaction), there is rapid
recapture upon reduction. This assertion is also consistent
with the EQCM measurements.

A plausible explanation of the observed results is to
assume structural changes in the polymer layer covering the
electrode during the Cu(l/ll) oxidation and the subsequent
reversal of this processes during the reduction step. The fact
that the peak currents are growing and the resonance
frequency of the quartz crystal is decreasing upon repetitive
scanning can be attributed to electrodeposition of the
polymer.

As in the previous cases, admittance measurements of the
quartz crystal resonator were carried out and are presented
in Figure 7. As can be observed, the resistance parameter
remained constant upon oxidation but increased upon reduc-
tion, demonstrating that there is an increase in film thickness
and/or changes in the properties of the film upon reduction.
This result is consistent with EQCM data which showed that
reduction gave rise to a decrease in frequency which could
arise from an increase in the amount of deposited material
or to changes in the properties of the film. However, upon
comparing the magnitude of the changes in the resistance
parameters with the frequency variations in the EQCM
experiment, we conclude that both the amount of deposited
material and the film properties are changing.

there could be, as discussed earlier for analogous complexes, To confirm the mechanism of a redox induced reversible

a change in the coordination geometry from the original
tetrahedral structure to a distorted octahedral or trigonal
bipyramidal geometry. However, additional ligands would

structural transformation in2[Cu(2)),]"*, EQCM experi-
ments were carried out in the presence of-Bjpyridine in
solution. The intent was to have an electrolyte solution

Inorganic Chemistry, Vol. 41, No. 4, 2002 769



Bernhard et al.

A Table 1. Diffusion Coefficients of Cu Complexes upon ¢uOxidation
Determined via the Rotating Disk Electrode Technique in a 0.10 M
TBAP/CH,CI, Solution

[10ua [Cu(dmp}]*  [Cw(L)**  [2(Cu@)d™
diffusion coefficient (crd¥s) 6.3x 10® 7.4x 107 15x10°
radius (A) 9 e 38

a Unphysically large due to adsorption.

J1opa
C:J present in solution. Moreover, the apperance of a new redox

04 g 04 05 12 wave at about-0.40 V (typical of 2,2-bipyridine complexes)
B e is also consistent with and lends further confirmation to our
assertions.

Diffusion Coefficient Determination
{ 50 Hz

The diffusion coefficients of the Cu complexes were
determined by the rotating disk electrode technique (RDE).
Figure 9 shows typical voltammograms of the Cu(l/Il) redox
02 04 08 o8 10 12 14 s process at a scan rate of 20 mVt for (A) [Cu(dmp)z](BF4),

E/V vs. Ag/AgC! (B) [CUZ(]-)Z](BFA)Z,_and ©) E((_:U(Z))n](BFOn in 0.10 M
Figure 8. (A) Current (CV) and (B) frequency responses as a function TBAP/CH.CI, solutions containing 0.2 mM (metal.center)
of applied potential at 50 mV-4 for a Pt EQCM electrode in contactwith ~ Of €&ch complex. From the voltammograms at various rates
a 0.10 M TBAP/CHCI, solution containing 0.2 mM (metal site) of  Of rotation @), the diffusion coefficients were determined
[2(Cu(@))s]™" and 0.2 mM 2,2bipyridine. Inset is the CV scanned t60.40 using the linear pOI’tiOI’lS of the Levich p|0tﬁ'n( VS wl/Z),
V vs Ag/AgCl. .

and the calculated values are presented in Table 1. As

containing a ligand capable of displacing the equilibrium anticipated, the diffusion coefficient of [Cu(dmp) is larger
toward dissociation and concomitant formation of soluble than that of the polymeric2[Cu(2)).]"*, likely due to the
oligomeric fragments. The frequency increase during the smaller size of the former. However, it is also clear from
initial scan from+0.40 V to+1.40 V was comparable to  Table 1 that the diffusion coefficient of [G{1)2]?" is smaller
that obtained in the absence of 2i#pyridine. (Figure 8). than those of [Cu(dmp)" and R(Cu(2)).]™". We believe that
However, the frequency response upon scan reversal showethis arises, at least in part, from the deposited,[Qu]?"
that this increase, earlier assigned to (reversible) structuralpresent on the electrode, which blocks the diffusion of the
changes in the polymer film covering the electrode, is no species in solution. As can be seen in Figure 9B, the
longer reversible under these conditions; i.e., in the presencevoltammogram of [Cy(1),]2" shows a sharp peak upon
of 2,2-bipyridine in solution. This result is corroborated by reduction, indicating that there is a deposited film of {Cu
the diminution of the cathodic peak current in the presence (1),]?" on the electrode and that the film is rapidly stripped
of 2,2-bipyridine. This confirms fragmentation of the upon reduction (recall earlier discussion). Thus, the diffusion
polymer upon oxidation through a subsequent coordination coefficient for [Cu(1)2]?" is not considered reliable. Al-
reaction of the generated Cu(ll) species by thé&Bigyridine though R(Cu(@)),]"t also deposits onto the electrode, as

—

A B C
] 1A I 1pA I 1A
04 07 10 13 04 07 10 13 04 07 10 1.3
E/V vs. Ag/AgCl E/V vs. Ag/AgCI E /V vs. Ag/AgCI

Figure 9. Cyclic voltammograms of RDE (Pt) at 200 rpm in a 0.10 M TBAP/CH solution containing 0.2 mM (metal site) of (A) [Cu(dmpb), (B)
[Cux(2)2)%F, and (C) R(Cu@))n]"". Potential scan rates are at 5 mts
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mentioned in the EQCM section, the deposition takes place
upon reduction, contrary to [G{L);]*". In addition, to
mitigate the effects of adsorbed material in the determination
of the diffusion coefficients, the electrode was polished after
each measurement at each rate of rotation. Further insight
could be gained by combining the measured values of the
diffusion coefficients and the Stokeg&instein formulation

for diffusion.

Absorbance

D = KT/67Ry 1)

where D is the diffusion coefficientk is the Boltzmann .
constant,R is the radius of a spherical particlg, is the 100,720, 150

viscosity of the solution, and the remaining symbols have 02 1 . . . .
their usual meaniné® Using this equation and assuming that 350 400 450 500 550 600 650
these species are spherical, their radii were calculated from Wavelength / nm

the experimentally measured diffusion coefficient and the
values are presented in Table 1. It is worth noting that the
value calculated for [Cu(dmg) is in excellent agreement B

with its known radius determined through X-ray crystal- 08f /
lography® For [2(Cu(2)),]"" the calculated value of the :
radius was about 4 times that of [Cu(drp) which is about
the length of a2(Cu(?))s)®* chain. Using the density of the
copper polymer (1.15 g/mL), one could also argue that a
sphere with a radius of 38 A filled with2[Cu(2)),](BF4)n
would give rise to a degree of polymerization around 225. 0.2
However, due to solvent inclusion and imperfect spherical
packing of the polymer, the chain length is most probably o
shorter.

Spectroelectrochemical StudiesSpectroelectrochemical 02 , , , , ,
studies were used to further investigate the processes 350 400 450 500 550 600 650
occurring during the reduction/oxidation reaction at the Wavelength / nm
copper centers. Figure 10A shows the changes in absorptioniiglzrg \1/0. c‘jsrzg;traldchange;ig nge \\//isibleAz rjzAgitz:nI urf)oonl(A) ,axi(datiorlm at
as a function of time for different potentials applied to a ™ and (B) reduction at 0. vs AgIAgCl of 0.1 mM (metal
solution of R(Cu@)J™ in 0.10 M TBAP/CHCl,. The (e:?en(:tterro)dg(iiu;zgrt]]melsnh.a 0.10 M TBAP/CHCI; solution. The working
potential was initially stepped from+0.40 to+1.40 V vs
Ag/AgCl. Following this potential step, the peak at 455 nm The fact, that the electrolysis time for the reduction is
diminished in amplitude (absorbance) over a period of 150 comparable to that of the preceding oxidation indicates that
min. It is worth mentioning that in analogous studies of the polymer in its oxidized state is not fragmented. To
discrete copper complexes the electrolysis time is of the orderunderstand the mechanism of dissociation severing these
of 30 min. An increase in time of the electrolysis is not chains, experiments were performed in an aqueous electro-
unanticipated given the relative size of the complexes, lyte. The presence of water makes the disruption of the chains
particularly R(Cu(@)).]™", which would, in turn, affect the  (following oxidation) more likely than in the weakly
diffusion coefficient and, hence, transport. The peak at 455 coordinating CHCl, solvent. However, due to the insolubility
nm is attributed to a MLCT transition due to the copper(l)/ ©f the polymer in aqueous electrolyte solutions, it was
2,9-alkyl-1,10-phenanthroline coordinati&tiThe disappear- ~ Nnecessary to observe the oxidation process starting from a
ance of this absorption band indicates that the complex is film cast on an ITO (indiumtin oxide) electrode. Figure
completely oxidized, but one cannot, solely on the basis of 11 depicts the spectral changes as a function of applied
these results, unambiguously distinguish between dissociatedPotential of this coated electrode in 0.1 M LiG/@ 1:1
and polymericaly bound Cu(ll). Figure 10B shows the e€thanol:water. The top panel shows the spectral changes
spectral changes of the same sample after the potential wadollowing a potential step te-1.40 V, whereas the bottom
stepped back te-0.40 V. The increase in absorption up to Panel shows the spectral changes after stepping the potential
the original levels suggests thﬂ(CU(Z))n]n+ is re-forming back to 0.0 V. The inset shows the time evolution of the
upon reduction, which indicates that the process of binding/ @bsorbance at 455 nm. As can be ascertained from the figure,

unbinding in this system is reversible, if kinetically slow. Oxidation at+1.40 V (a in the inset) results in a rapid
decrease in the absorbance, reaching a minimum in about 5
(16) Einstein, A. InInvestigations on the Theory of the Brownian min. Stepping the potential back to 0.0 V (b in the inset)

:Vlo”eme”’tmth' R.,Ed.; Methuen & Co. Ltd. London, 1926; Section  oqit5 in the recovery of the absorbance at 455 nm, but this

(17) Dessy, G.; Fares, \Cryst. Struct. CommurL979 8, 507-510. is a significantly slower process, taking approximately 75
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400 500 600 700 800 Figure 12. (—) Spectrum of the electrolyte solution after complete
Wavelength [nm] oxidation of a P(Cu(2))n](BF4)n film on a ITO electrode in a 0.1 M LiCI®

g ethanol:water (1:1) electrolyte.solution. (--) 10 mM solution of Cu(g40
reduction of the copper centers of &(Cu(2)).J(BFa)n film on a ITO and 2,9-dimethyl-1,10-phenanthroline in 0.1 M LiGl@thanol:water

electrode in a 0.1 M LiCl@ethanol:water (1:1) electrolyte solution. The L) ) ) ] )
inset presents the time dependence of the absorbance at 455 nm. (a, 0.00 ¥he first case a discrete dimeric complex pQ]?" was

— 140V b, 1.40 V- 0.00 V). formed, in the latter a coordination polyme(Cu(2)),]™"

. i , resulted. Both of these materials have been characterized by
min. However, the reversibility of the process is clearly CV, EQCM, and U\-vis spectroscopy, and the results
established. The difference in the rates of dissociation corr’1pared tc,> those of the monomeric [C’u(d@Jdemp is
(stripp_ing or dissolution) vs regeneratio_n (redeposition as a 2,9-dimethyl-1,10-phenanthroline) species. Oxidation of the
Cu(l) film) is notan unexpected result given that the former dimeric species results in its precipitation, and subsequent
would be anticipated to be much faster than the latter, as reduction leads to the stripping of the deposited layer as

was indeed observed. .. ascertained from CV and EQCM measurements. The elec-
The nature of the electrogenerated Cu(ll) species in yqqyidation of the copper centers in the coordination polymer
solution was furthgr investigated by optammg the QV results in changes in the coordination which are fully
spectlrgm of "; solution after ?ompletg on'dat'on of 2 film  reversible upon reduction. The dissociation/regeneration of
(resulting in the generation of ostensibly [@YH-0)*") the coordination polymer as a function of the redox state of

deposited as above. Figure 12 (solid line) presents thethe copper centers has been characterized by CV, EQCM,
spectrum (in 0.1 M LiCIQin 1:1 ethanol:water) of a film and UV—vis spectroelectrochemistry.

after complete oxidation ait1.40 V. Also presented in Figure Although the dissociation/regeneration cycles are slow,

12 (dotted line) is Fhe spectrum of a 10/ splution Of, . these types of materials could find numerous applications
Cu(ClQy); and 2,9-dimethyl-1,10-phenanthroline. The simi- ;, 4re45 such as electroresponsive reversible membranes and

larity of the spectra is immediately apparent and Serves to .,y qlieq transport materials. These areas are currently being
further support our assertions concerning the coordination

Figure 11. Spectral changes in the visible region upon oxidation an

ursued.
changes following oxidation and reduction of the copper P
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The synthesis and characterization of copper complexes
of the phenanthroline-based bridging ligands, 9-methyl-2-
(24 4-[2-(9-methyl-1,10-phenanthrolin-2-yl)ethyl]phehyl
ethyl)-1,10-phenanthrolingl,, and 1,12-bis(9-methyl-1,10-
phenanthroline -2-yl)dodecar®,are presented. Whereas in  1C0106080
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