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The crystallographically characterized polymers {[Ag(dmb),]Y}, (Y = BF4~, NO3~, ClO,™) extensively dissociate
in solution, contrarily to the Cu analogue, and common molecular weight determination techniques such as light
scattering, osmometric, and intrinsic viscosity measurements fail to provide data allowing full characterization. Using
pulsed NMR experiments, notably *C NMR T, (spin lattice relaxation time) and NOE (nuclear Overhauser
enhancement) measurements on various ionic [{ Ag(dmb),]Y} , materials (Y = BF,~, NO;~, ClO4~) and their related
mononuclear [Ag (CN-t-Bu)s]Y salts in acetonitrile-d; (as comparative standards), the dipole—dipole spin lattice
relaxation times (T;°°) of a selected quaternary 3C probe are measured. These data allow us to extract the
correlation times (z¢), which in turn permit us to estimate the volume of the tumbling species in solution. The
comparison of the data between the {Ag(dmb),*}, and Ag(CN-t-Bu)s* species indicates the oligomeric nature of
the former species, where the average number of Ag(dmb),* ~ 8 (M, ~ 4000-5000).

Introduction Scheme 1

Since the discovery of the title polymer in 1992 (Scheme p 2 A N
1)t and its Cu analogugmany new related polymers such _M'\ M M M ] - M
as{Pu(dmb)(diphos)*}, 2 (diphos= PhP(CH,)PPh (m — pa— “— |n & &
= 4-6), { Pdy(dmb)(dmb}*},,* mixed-metal{ ClAg:—x .
(dmb)*} 5 and mixed-ligand M(dmb)(dppm)}, (M = Cu, {M(dmb), "}, ; M = Cu, Ag

Ag; dppm = PhPCHPPRh)®> have been prepared and o . _ .
confidently characterized from X-ray crystallography or he dmb bridging ligand (either U- or Z-shape), and this
molecular weight determination. Applications in the area of SOMerization reaction can only proceed if dmb is labile in

semiconducting materials and photovoltaic cells have also solution. This isomerization process is not observed for the
been explored based upon the M(daibpolymers (M= {Cu(dmb}*}, materials which indicates a lesser lability of
Cu, Ag) in the solid staté.Recently, two new polymer dmb in this case. This observation is corroborated by the

isomers of the title materials were discovéremd were  fact thatMy (160 000f andM, (133 000j are obtained for

prepared from the latter’s by simply changing the counterion this Cu polymer from. light sgatterlng and osmometr!c

and crystallization solvent conditions. The occurrence of Measurements, respectively, while no data could be acquired
3 . . “ 9| -+ H H H

these isomeric forms depends on a conformation change offor the much “smaller{ Ag(dmb) "}, species in solutiof.

This work fits within a broader investigation of the optical
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polymers (M= Cu, Ag), and other photophysical behaviors Scheme 2

are profoundly altered as well, such as the presence of M \% \A
nonexponential decay traces for the emission and depolar- N N N N
ization of the luminescence light. While it is established that ¢ ¢ = &+ &
the { Cu(dmb}*},, polymer exhibits~300 repetitive units, AS|g Agl; As|J A!j
the question arises to what extent the polymer length 2 A Ea0 2

influences this intrachain exciton phenomenon. A better
knowledge of the{Ag(dmb)}, polymer dimension in

solution is now essential. We now wish to report a series of
pulsed NMR data that will establish the oligomeric nature
of the title materials in solution. Using the closely related
Ag(CN-t-Bu),m~ mononuclear complex as a comparative
standard, the average number of repetitive units is estimate

(dmb) "}, is indeed oligomeric with an average number of
units ranging from~3 to ~20.

NMR methods offer the possibility of long time data
acquisition addressing solubility problemdl, can be
estimated from the knowledge of the volum¥) (of the
qtumbling molecules in solution, which in turn can be

(~8) evaluated from the correlation time). The latter data are
' extracted fromT ;PP (dipole—dipole spin-lattice relaxation
Experimental Section timg). The analysi; is complicated py the fact that the
estimated volume is the hydrodynamic volume due to the
Materials. The{[M(dmb)]Y }» polymers and [Ag(CN-Bu)]Y dragging of solvent molecules and counterions during
mononuclear complexes (M Cu, Ag; Y = BFs-, NOs7, CIOs ™, tumbling. This volume is unavoidably bound to be greater

CH3CO,7) were prepared according to procedures outlined in refs
1 and 2. dmb was prepared by standard procedlifé® starting
materials AgNQ, AgBF,, AgCIO,, AgQCH3;CO,, Cu(BFR),:6H,0,

and CN#-Bu were from Aldrich and were used as received.

than the X-ray datum.

To minimize this problem, the mononuclear [Ag(GN-
Bu),* complex has been investigated as a comparative
Spin—Lattice Relaxation Times (Iy's). The Ty's were measured standard, hence making sure that electronic and steric

by an inversion recovery pulse technique. The measurements wereEnVironments are quasi-identical about the probed nuclei for
performed on a Bruker AC-F 300 NMR spectrometer operating at POth standards and polymers (Scheme 2). This probe nucleus
75.47 MHz for'3C. The temperature was 293 K, and the sampling iS the sp-hybridized quaternary carbon, more particularly
was done over a 20 000 Hz sweep width using 8192 data points to**C located in the dmb-cyclohexyl ring. This nucleus is
describe the FID. The polymer solutions were saturated in all casesselected for the following reasons. The rigidity of the-M

in order to improve the signal-to-noise ratio. The uncertainties are C=N—13C unit allows one to measureTa process that is

of £0.2 s based upon multiple measurements (at least 3). Thejess influenced by intramolecular motions such as spin-

second instrument was a Varian 500 MHz instrument located at yotation relaxation known for methyl groups, for instance,
McGill University. The experimental procedure is the same as that and motion of alkyl chains. In addition, a quaterna?g¢

described previously. relaxes more slowly than others, because of the absence of

Mass FAB Analysis. The mass spectra were acquired using a ,qe1yy...13¢ dipole—dipole interactions which are known
Kratos MS-50 TCTA spectrometer using an lontech Saddle Field t0 ind fficient relaxati f thiC lei. A it
Source Model FAB 11NF operating at 70 kV with 2 mA current. 0 Induce eflicient relaxation o nuciel. AS a resut,

The samples were immersed either in nitro benzyl alcohol (most (€ larger time scale provides an opportunity to gain
of the samples) or in thioglycerol matrixes unless stated otherwise. 8Ccuracy. A typical®C NMR spectrum fof Ag(dmb)*} is

The data analyses were performed using a homemade progranPresented in Figure 1 (complete analysis can be found in
written in GW BASIC computing all mathematically possible the Supporting Information), and C#2 is selected as probe
solutions for each fragment mass. Only the chemically meaningful (note that data for C#8 give similar results).

solutions were retained using a window ©2 g. The MALDI- The T,PP data (300 MHZH) are extracted from experi-

TOF data were obtained at the Universite Bourgogne (DijOﬂ, menta”’l and NOE measurements, according to é?q 1
France) using a PROFLEX Il Bruker spectrometer. This instrument

was set in linear mode and used albser. 1 _ 7 1
TlDD Mmax Tl

(1)
Results and Discussion

where 7 is the fractional NOE constant angha.x is the

The fact that no data could be obtained My and My . : x 1>
maximumy value of 1.988 in the extreme narrowing linft.

for the{ Ag(dmb),*},, species from osmometric and intrinsic ; ; o )
viscosity measurements and the results from the light 7 'S found to be salt independent within the experimental
scattering experiments indicate that these values must rangé&'©"»# = 1.31+ 0.03 as anticipated, and the overall data
approximately at or lower than the detection limit of the are presented in Table 1. This table summarizes the

techniques {10 000). On the other hand, mass FAB data experimentglly measuref, the calculated:°®, and therc
for both types of polymer§M(dmb)y*}, (M = Cu, Ag) data for 3 different [Ag(CN=Bu),]Y salts (Y =NOs~, BF,~,

indicate the |qaq§quatene§s of the teChmque where only(10) MALDI-TOF measurements were also performed on{ {Ag(dmb)]-
fragments exhibiting 24 units are observed in the spectra BFz}n polymer, but despite the milder conditions of excitation,
(Supporting Information)? These results suggest ti{d&g— fragment peaks of similar masses of those observed in the mass FAB
spectra are seen (Supporting Information). This technique was not used
further in this work.
(9) Weber, W. P.; Gokel, G. W.; Ugi, |. KAngew. Chem., Int. Ed. Engl. (11) Wehrli, F. W.; Wirthlin, T.Interpretation of Carbon-13 NMR Spectra
1972 11, 530. Heyden: London, 1980.
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{Ag(dmb}*}, Oligomers in Solution
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Figure 1. Typical*3C NMR spectrum of [Ag(dmb)]BF 4} in acetonitrile-
d® at 293 K. The full assignments are provided in the Supporting
Information. The probe peak is C#2.

Table 1. Selected Data for the [Ag(CHBu)s]Y Complexe$

Y: NO3~ BF4~ ClO4~
Ti(£0.28) 36.0 375 37.1
TiPP (£1.5 ) 54.6 57.0 65.3
7c (x 107108 + 3%) 2.20 2.11 2.14
V (£75 A) 2470 2370 2400

aT,; and#n are measured for the peak located at 58.1 ppm int#ge
spectra (i.e., &N—13C(CHg)s) using acetonitrileds at 293 K.

Scheme 3

CIO47). These parameters are found not to vary much from
one salt to another, as anticipated. Tlyés extracted from
eq 2 also for the extreme narrowing limit:

1 " hydrh

T @)

- c
b £ 6
T =L Ten

with A the Plank constanti(= h/2x), y the magnetogyric
ratio for 13C and'H, andr the distance between the probe
13C nuclei and the nearedt (here 2.155 A on the basis of
X-ray data for the Ag(dmBb) polymerd=7 (Scheme 3)). On
the basis of the Stoke<instein-Debye equation for spheri-
cal molecules®; = VnuisdKT; nvisc = solvent viscosityk =

(12) T, decreases with the fieldHg), indicating the extreme narrowing
limit. T,PP can also be extracted from the intercept in the pldt Y5
Ho but requires the use of many spectrometers at various fields for
accuracy. Only two spectrometers are available to us. Nonetheless,
this extractedr;PP was similar to that found using the NOE method,
but this latter method was favored for convenience and accuracy.
Addition of the free isocyanide ligand did not shift th& peaks,
indicating absence of important chemical exchange. Finally, the full-
width-at-half-maximun (fwhm) is not strongly temperature dependent
between 20 and 4€C.

Table 2. Selected Data for thg[Ag(dmb)]Y }, Polymers

Y:b NOs~ BF4~ C|O47
T1(£0.20 s) 6.90 7.53 7.93
T,PP (£ 0.20 s) 7.84 8.55 9.77
7o (x1079s £ 3%) 1.97 1.81 1.58
V (A3) 22 000 20 300 17 700
av no. of unit§ ~9 ~8 ~7

aT; andy are measured for the peak located at 63.3 ppm in'i@e
spectra (i.e.13C #2, see Figure 1) using acetonitrdg-at 293 K. Herey
is 1.754+ 0.03. T, for Y = MeCQ,~ is 8.074 0.02 s.¢ The number of
units is obtained by dividing/(Ag(dmb™)n by V(Ag(CN-t-Bu)s™) from
Table 1 for each individual salt. It is assumed thgAg(dmby™) ~
V(Ag(CN-t-Bu)s™), as explained in ref 13. The uncertainty on each
individual datum is£1.

Boltzmann constanf] = temperature), the hydrodynamic
volume ) of the tumbling species is determined for the 3
standards.

The same measurements and calculated data for the
correspondind [Ag(dmb),]Y }, oligomers have been sum-
marized in Table 2. Again, the data do not drastically vary
from one salt to another, indicating again the rather weak
dependence of the counteranion on the NMR parameters.
By assuming thatV(Ag(CN-t-Bu),;") ~ V(Ag(dmb)")

(~ 614.8 B Scheme 233 the approximate average number
of units in the{Ag(dmb) "}, polymers in solution can be
determined by dividing the extractéd from the Stokes
Einstein-Debye equation of the oligomers, by of the
estimated Ag(dmb) "}, unit.:® The data for the 3 salts are
very similar and indicate that the average number of units
ranges between 7 and 9 with an estimated uncertainty of
+1, giving M, of 4000-5000 (taking into account the
counterion masse$).These findings are consistent with the
fact we could not obtain light scattering data for these
materials, whileVl,, for the{ Cu(dmb}*}, polymers has been
evaluated by this technique. These small oligomers appear
as short rigid rods (Figure 2) of about-430 A length by

(13) (a) According to the Cambridge Data Bank, no X-ray data for
tetrahedral M(CN-Bu), species appear to be reported, but the complex
Fe(CN+-Bu)s has been characterizé®. These X-ray data allow us

to estimate the volume of a M(CNBu), species according td(Fe-
(CN-t-Bu)s) x 45 ~ V(Fe(CN1-Bu)s) ~ 600 A3. The V(Ag(dmb)™)
datum is obtained according ¥{Ag(dmb) ") = V(Ag(dmbyTCNQ-
CH.Cly)7 — V(TNCQ)L3¢ — V(CH,Cl)13d = 978.5 A — 106.0 B ~
614.8 A. Thus, assuming that{ Ag(CN-t-Bu)s} + ~ V{Ag(dmb)™}
appears reasonable. (b) Basset, J.-M.; Berry, D. E.; Barker, G. E;
Green, M.; Howard, J. A. K.; Stone, F. G. A. Chem. Soc., Dalton
Trans. 1979 1003. (c) Shield, LJ. Chem. Soc., Faraday Trans. 2
1985 81. (d) Calculated from the density for @&l is 1.33 g/mL.

The StokesEinstein-Debye equation is inappropriate for nonspherical
molecules, and a small error is induced in the analysis of e
(dmb)*}n oligomers. For the much larggiCu(dmb}*}, polymers,
such an equation is far too inadequate to be applied, and for this reason,
no investigation was undertaken for these materials at this time. Data
for the analogous Cu(CMBu)," and {Cu(dmb}'}, species are
available in ref 5. Numerous authors have addressed the problem of
correlatingz. with the molecular shape of the tumbling molecules,
but such analysis is far too complex and probably irrelevant to be
useful for the accurate determination\df for nonspherical polymers.
Attempts to evaluat®l,, from end group analysis by IR spectroscopy
were unsuccessful because of reactivity of the polymers with the NaCl,
KBr, and Csl windows giving the corresponding Agmb)X; dimers

(X = ClI, Br, 1),'8 according to{ Ag(dmb)*}, + nX~ = "LAg,-
(dmb)X, + ndmb. This behavior further demonstrates evidence for
lability of the dmb ligand in the Ag species. A typical example is
provided in the Supporting Information where the peak associated with
free—N=C (~2135 cn1l) is already present within the first minutes
of contact with the solution.

(14

=

(15)
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anions is necessary. Such a study should also prove useful
to determine whether oligomer sizes can be altered.

Relevant to the exciton work, since similar profound
perturbation of the photophysical behavior for both
{M(dmb),"}, materials in solution (M= Ag, Cu) is seen,
these new results indicate that the number of units does not
need to be extensive to be effective, nor is the exciton
delocalization felt only over a very large number of units.
At first glance, this observation appears surprising but not
inconsistent with the fact that weak “communications” or
“interactions” have been demonstrated between two metals
separated by distances well exceeding the sum of the van
der Waals radit/~° In the meantime, this work has allowed
Figure 2. Comparison of space filling+m0del for theAg(dmb)*}7 us to determine~M, for these small oligomers in solution
?(I_'?;ymde;t:s an example with AG(CNBu)s™. These models are based on may be applied to other systems. The two conditions

for this method to be reliable are, first, the materials should
not be shaped far off from a sphere, and, second, one must
employ a closely related standard as an adequate model for
the tumbling of the oligomers in solution.

about 12 A diameter on the basis of space-filling models.
The comparison of light scattering data between the longer
{Cu(dmb)*}, and shorted Ag(dmb)*}, polymers (when
available) describing the shape of the molecules in solution
should prove very interesting. Acknowledgment. This research was supported by

A point of details is the nature of the end-of-chain for NSERC (National Sciences and Engineering Research Coun-
these oligomers. Dissociation of these polymers in solution cjl of Canada). P.D.H. thanks Professor Serge Lacelle for
generates unsaturated Ag centers, which in turn can interactryitful discussion on NMR.
with the acetonitrile solvent molecules and the counteranions.
Solid state data clearly demonstrate that unsaturated Ag ions Supporting Information Available: Mass FAB data for
interact strongly with counterions such as N@nd CHCO,~ {M(dmb);]Y}n (M = Cu, Ag; Y = CIO,4, NOs, BFy); 3C NMR
and more weakly with TCNO (7,7,8,8-tetracyano-quin- data for{[Ag(dmb)]Y}, ano_l free dml_); evolution _of the FTIR
odimethane} However, these ions can be extremely labile SPectra O [Ag(dmb)]BFa}s in CH.CI, in contact with NaCl vs
in solution, as well as the acetonitrile molecules, as supportedt'm.e; MALD.I'TQF spectrum and analysis f@[Ag(dmb)z]BF4} ™

. . . . . . This material is available free of charge via the Internet at

by the evidence provided for the dmb ligand itself in this http://pubs.acs.org.
work and in ref 7. The best description for the end-of-chains
is an unsaturated Ag center exchanging with solvent and!C025522P
isocyanide groups and counterions. To clarify this situation,
an exhaustive NMR study similar to this one with the (17) Perreault, D.; Drouin, M.; Michel, A.; Miskowski, V. M.; Schaefer,
parameters temperature, solvent, and concentration of added; g, \,':,Vér':égmir‘ﬁ"DF;bB:{'oﬁi ﬁ?grzr;ﬁ?;z 3;’“?3; 'P. Morg. Chem.
1993 32, 1903.

(16) Fortin, D.; Drouin, M.; Harvey, P. D.; Herring, F. G.; Summers, D. (19) Harvey, P. D.; Truong, K. D.; Aye, K. T.; Drouin, M.; Bandrauk, A.
A.; Thompson, R. Clnorg. Chem 1999 38, 1253. D. Inorg. Chem.1994 33, 2347.
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