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The principal focus of this study is the 3Cu NMR line widths in Cu(l)—acetonitrile (AN) solutions. The variations
with the concentrations of Cu(l) salts (trifluoromethanesulfonate and perchlorate), added salts, water, chloride ion,
and temperature have been studied. A quantitative analysis shows that the anomalous temperature dependence
of the line widths is not due to ion pairing or anion complexation but results primarily from formation of a species
with a different coordination number or less symmetrical arrangement of AN ligands than in the normal tetrahedral
Cu(AN)4* ion. Solvent viscosity and ion pairing (with triflate) also are identified as factors having the expected
effects on the line widths. The results of earlier studies also are discussed and analyzed by the current model
where possible.

Introduction temperature is expected for quadrupolar relaxation, as

vari lts of tetraki tonitril | idel described in a following paragraph, but the cause of the
arious safts of tetra |s(ace onitrt e)C(_Jpper() are widely increasing line width above5 °C remains unexplained. The
used as starting materials in Cu(l) chemistry. The same salts

dissolved i tonitrile (AN) al ft d i earlier studies suggested that this effect might be due to a
'%Stﬁ ;)/e 'r? aCE om; eh's‘t t) Zsodg?gco ERA;SEE{ d'?‘s N€ " coordination chandeor to ion pairing? One goal of this study

\_?V;]e prgggntrg ?Lrj dsyak‘)r:egzsanl a: :2 eirploratign of th: gofssibi”tywas to seek a quantitative explanation for this anomaly, with

of using®Cu(l) NMR to measure the Cu(l)/Cu(ll) electron- the hope that it might then be possible to find conditions to

h to tonitrile. Prelimi wudies found th tminimize it and thereby improve the sensitivity, and also to
exchange rate in acetonitriie. Freliminary studies found that , 44 1, e understanding of the coordination chemistry of
the trifluoromethanesulfonate (triflate) salts of Cu(l) and

Cu(ll have. advan'tageous solubili_ties in acetonitrilg that tmh%hctut()gﬁl:litisg/;ttfeg: :{;isg?l\iffcigigztgz (;liﬂ;g.rmatlon that
would permit the Wldest.concentratlon range for both in the Results that may be relevant to the AN system have been
electrrc]J n-egchﬁnge studlers]. As a (;onsequglglce, a T\f’”ﬁr Confeported by Marker and Guntéihey studied the complexes
hac not been Stied previously, The perchiorate st aiso? C1() With timethyt and riethylphosphite n Gz and
has been studied for cgmpariso{{ purpopses In addition theCDCI3 and found a temperature dependence of e line
A . . ’  “widths (106-700 Hz) analogous to that obseved in the AN
effects of chlorldt_a ion and water on tR&Cu(l) line widths system, with a minimum in the €20 °C range. The
have been examined.

- ) . ) ) phosphite systems have the advantage that #i&h and
~ Amajor problem wittP*Cu(l) NMR in AN is that the line  31p MR can be done and &P coupling is observed in
is unusually broad so that the sensitivity is seriously affected. o630, angsp spectra. The authors interpreted the higher

iek2
Two early studies® have shown that the temperature yomnerature behavior as due to ligand exchange with
dependence of the line width is anomalous in that it shows activation energies in the range o# kcal mol?
a minimum at about=5 °C and then broadens as the Since Cu(AN)" is such a common standard$icu NMR
temperature increases through the oamb|ent temperatureyy, gies, there have been a number of reports of line widths,
region. As a result, the line width at25°C is much greater 4 they are summarized in Table 1. Aside from a few
than would be predicted from extrapolation of low-temper- strange results, such as the most recent om B&nd the
ature line widths. The decrease in line width with increasing o jiest on PE’the reported values commonly fall in the

480-550 Hz range. However, there are several, including
those from this study, in the 46@140 Hz range. Taken
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(1) Ochsenbein, U.; Schier, C. W.Helv. Chim. Actal98Q 63, 1926. overall, the range of150 Hz seems unexpected for materials
(2) Kroneck, P.; Kodweiss, J.; Lutz, O.; Nolle, A.; Zepf D.Naturforsch
1982 374 186. (3) Marker, A.; Gunter, M. JJ. Magn. Reson1982 47, 118.
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63Cu NMR of Cu—AN System

Table 1. 83Cu Line Widths of Cu(AN)X Salts in Acetonitrile T T T T T T T

X~ Wiy, Hz date conditiorfs ref 8oor.
BF4 540 1978 0.1 M, Bruker SXP, 10 mm c
BF4 490 1980 0.1 M, Varian XL-100,10 mm d 700
BF4 540 1982 0.087 M, Bruker SXP, 10 mm e N
BF4 600 1987 1.0 M, Varian FX-270, 3@ f i
BF4 8570 1988 saturated (?), Bruker WH-200 g 5 600
PR 800 1980 0.1 M, Varian XL-100, 10 mm  d g
PFs 400 1983 saturated (?), Nicolet NT-360 h a
Clo,  522(494Ty)° 1980 0.1 M, Varian XL-100, 10 mm  d 500
ClO4 550 1982 0.061 M, Bruker SXP, 10 mm e
ClO4 580 1982 0.10 M, Bruker SXP, 10 mm e
Clo, 500 1984 0.05 M, JEOL FX-200, 10 mm i 400
ClO4 505 (481,T1)P 1990 0.02-0.06 M, Bruker AM-400 | . - - . v ’ .
Clo, 480 1995 0.050.065 M, Bruker AM-400 K B33 3 X 036%% K_{'BS 4034
ClO4 480 1998 0.064 M, Bruker-500, 10 mm | ’
ClO4 480 1999 0.064 M, Bruker-500, 10 mm m Figure 1. Temperature dependence of fB€u(l) line width for Cu(AN)X
ClOy 440 1999 0.1 M, Bruker MSL-300 n salts in AN: X= CIO4~ (<) 0.10 M, ref 2, @) 0.0621 M, this work; X=
ClO4 520 2001 0.064 M, Bruker-300, 10 mm o BF4~ (+) 0.10 M, ref 1; X= triflate (@) 4.94 x 1073 M, (O) 0.117 M, this
ClO4 443 2002 0.062 M, Varian S-400 p work.
ClO4 423 2002 0.0062 M, Varian S-400 p
F:CSQy 417 2002 0.00494 M, Varian S-400 p o
FCSQ; 463 2002 0.062 M, Varian S-400 p 850 ® ® T
FsCSQ; 460 2002 0.061 M, Bruker AM-200 p B i
FCSQ;  488(492T1)° 2002 0.117 M, Varian S-400 p ®

750 .

2 Temperatures are 2% unless stated otherwise, although sometimes &
not given. Sample tube diameter is 5 mm unless otherwise indicaged. = T ® 1
measured; converted to the equivalent in HzReference 49 Reference '§ 650k ® ]
1. ¢eReference 2f Endo, K.; Yamamoto, K.; Deguchi, K.; Matsushita K. &
Bull. Chem. Soc. Jpnl987 60, 2803.9 Connor, J. A.; Kennedy, R. J. a | @ ° 1
Polyhedron1988 7, 161." Reference 10.Kitagawa, S.; Munakata, M. ssol o © + ]
Inorg. Chem 1984 23, 4388.1 Reference 6 Reference 7. Reference 8. o © o © +
mGill, D. S.; Singh, L. J.; Singh, R.; Zamir, T.; Quickenden, Ibd. J. i + + o 1
Chem 1999 38A 913." Szlyk, E.; Szymanska, Polyhedron1999 18, 50k @8 ]
2941.° Reference 9° Present study. o

0.050 0.100 0.150 0.200 0.250 0.300

that are relatively easy to prepare and handle and are [Cu(AN)4X ], M

considered as standards. The range of line widths does noi&%fi 2. | CQ”;?\Intf;tiOncfgpe?g;ncfezogﬁg(') ”nlf ;’(Vidfggor (CU)
. . . 24X salts in . = 4 rer 2, this work; X = 4~ (+

seem to be a function _of advancemepts or dlfferencgs INef 1. X = triflate (@) this work: X = PR (®) ref 1.

instrumentation. In seeking an explanation for this variation,

the effects of sample size and spinning, and of possible < 1. For®Cu on a 400 MHZH spectrometerzvo = 3.3 x

common contaminants, also have been examined in thisl®s ! andrq < 5 x 10! s for species such as Cu(AN)

study. in a normal fluid, so that the extreme narrowing condition
should be applicable. Then, the quadrupolar relaxation rate

Results is given by eq 1

. There have been several systematlc; studlles 06f concentra- 1_ _ 3(2 + 3) 77_2 276%9Q)?

tion and temperature effects on the line widthsS&u(l) T AWy = ———— — oY —r— 7o (1)

salts in acetonitrile by Ochsenbein and Splfdst and 2 40(1%(21 — 1)}

Kroneck et af Some representative results of temperature \yhereW,,, is the full-width at half-heighty is the asymmetry
and concentration effects from this and the earlier studies parameter, and-Q is the correlation time. It is common

obtained previously in that the line width shows a minimum  ¢onstant (QCC), and eq 1 simplifies to eq 2.

at about—5 °C and increases with increasing concentration

of the Cu(l) salt. The triflate salt gives slightly broader lines 1 _ 37%(21 + 3) _
than the perchlorate. Although the trends are similar, there ?2 = Wy, = 10{13(21 — 1)} (QCC)er - 3-9478(QCC3’Q
are considerable differences in the line widths of the (2)

perchlorate salt between the present and an earlier Study.
For 83Cu with nuclear spint = 3, and magnetogyric ratio

y = 7.097 x 10’ s1 T, nuclear relaxation is expected to

be dominated by the quadrupolar relaxation mechanism an

to be in the extreme narrowing limit. The latter requires that

the nuclear precession rate times the correlation time for (4) Lutz, O.; Oehler, H.; Kroneck, FZ. Phys. A: Hadrons Nucll978

molecular tumbling%g) should satisfy the conditionz{rq)? 288 17.

Quadrupolar relaxation is consistent with the line widths
of 83Cu(l) and®®Cu(l) determined by Lutz and co-workefs.
dThe ratio of the line widths (540/476= 1.149) is in
reasonable agreement with the square of the nuclear qua-
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drupolar coupling constants (1.1686n the present study,
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concentration limit, all of the salts should give the same line

similar measurements on 0.062 M Cu(l) perchlorate and width. However, extrapolated values from the earlier studies

triflate gave values of 443/386 1.166, and 465/39%

(Figure 2) on the BF and CIQ~ salts are~470 and~490

1.165, respectively. The extreme narrowing condition is Hz, respectively, while the present study gives much smaller

consistent with the observations of Ochsenbein and Sfeinfa
Gill and co-worker$, and the present study that and T,

for Cu(l) in acetonitrile are essentially equal (see Table 1).

However, the temperature dependence abeve °C is

values of ~415 and 420 Hz for the triflate and CIQ
respectively. Second, below5 °C where the temperature
dependence is that expected for quadrupolar relaxation, all
of the curves in Figure 1 should converge to that expected

anomalous because quadrupolar relaxation should show &or the Cu(NCCH)," ion. This expectation does seem to be
simple decrease in line width with increasing temperature realized in Figure 1 for the~0.1 M triflate, perchlorate
due to the shortening of the correlation timg)( It has been (present study), and tetrafluoroborate salesyd the other
suggested that this effect might be due to a coordination deviations might be due to concentration differences.
changé or to ion pairing in the higher temperature region. Viscosity Effects.The Stokes Einstein relationship sug-

In a series of studies, Gill and co-workers have examined gests that the correlation time, O #/T, whereyn is the
the 83Cu(l) line width at 25°C as cosolvents are added to Viscosity of the solvent, and many studies have shown that
AN. The lines inevitably broaden with the addition of another viscosity increases with salt concentratidnThen, the
solvent, and this is attributed primarily to the formation of simplest explanation for the concentration effects would be
mixed complexes, but the temperature dependence was nothat they are due to the increase in viscosity with salt
studied, and the anomaly was ignored. In 1995, Gill €t al. concentration which causeg and hencély, to increase.
suggested that th&Cu(l) line widths are so large because  Gill and co-worker¥ studied the viscosity of CuCldn
of the Sternheimer antishielding factgtj which has avalue AN and found that the variation of viscosity with concentra-
of —17 and contributes a factor of (2 y.) to the electric tion of CuCIQ, is given byn = no(1 + A[CuCIOg]Y? +
field gradient. More recently, Gill, Byrne, and Quickendlen B[CuCIOy]) with A= 1.76 x 102 andB = 0.77 at 25°C.
used the StokesEinstein equation to calculate a correlation The concentration dependence of the viscosity is similar to
time of ~4.5 x 10! s, and a QCCx 3.0 MHz for 0.064 that of tetrag-propyl)ammonium bromide studied by Nikam
M CuClQ, in AN. Most recently, Gill and co-worket$have and Sawarit and by Saha and Da$who also studied the
calculated a correlation time of 1.39 10 %' s in AN and temperature dependence of the viscosityféNBr in AN.
used this to estimate that QCE 5.46 MHz. The data fom-PiNBr suggest that the temperature depen-

Of the results in Figure 2, the observations of Ochsenbein dence ofB (15—45°C) can be represented By= 0.77(1+
and Schiaferlt on the PE~ salt are clearly unique. The 4.0 x 103(298— T)) andA has no discernible temperature
concentration dependence is much more dramatic with andependence, possibly because it makes a small contribution
overall change in line width 0f400 Hz compared te-50 to the overall effect. The temperature dependence of the
Hz for the other anions. The temperature dependence (notviscosity of pure AN was determined betweed0 and 20
shown) also is anomalous with a minimunrat0°C versus ~ °C by Kane$® and is given byno = 0.152 exp(924.7).
—5 °C for the others, and with a much larger line width in  The concentration dependence for Cugi@m Gill and co-
the low-temperature limit. Caulton et ®lhave reported a ~ workers, and the temperature dependencies from Saha and
line width of 400 Hz for a “nearly saturated” solution of Das, and Kanes, can be combined to estimate the viscosity
Cu(NCCH)4PFs at 25°C, compared to-850 Hz at 0.22 M of CuCIOy in AN, with the assumption that CuClCand
reported by Ochsenbein and Sgifler. In the present study, N-PrNBr have the same temperature dependence.
0.0613 M CuClIQ containing 0.050 M (MeN)PR; was found It is noteworthy that both the line widths (Figure 2) and
to have a line width of 447 Hz, entirely consistent with other the viscosity have an essentially linear dependence on
samples at the same total salt concentration. These anomaliegoncentration. Since all of the concentration studies have
suggest that the sample of Ochsenbein and ‘pédlavas been done at 25C, it is convenient for purposes of
contaminated in some way, and these results will not be comparison to analyze the data in terms of the reduced
included in the further analysis. viscosity,n/no, wheres is the viscosity of the pure solvent

If the Cu(l)/AN system is to be described by a two species (341 mP (millipoise)) and; is the viscosity of the salt
model, Cu(NCCH),* and either an ion pair or another solution. If Wy, [J 7q andzq U #/T, then
species of different coordination or symmetry, then there are
some simple expectations for these results. First, in the low (”O)W _ % = (W)

1/2 T 1/2/0,T

p ®3)

(5) Raghavan, PAt. Data Nucl. Data Table4989 42, 189.

(6) Gill, D. S.; Rodefiger, L.; Delpuech, J.-J. Chem. Soc., Faraday
Trans 199Q 86, 2847.

(7) Gill, D. S.; Rodefiger, L.; Rubini, P.; Delpuech, J.-J. Chem. Soc.,
Faraday Trans 1995 91, 2307.

(8) Gill, D. S.; Byrne, L.; Quickenden, T. LZ. Naturforsch 1998 533
1004.

(9) Gill, D. S.; Kamp, U.; Doelle, A.; Zeidler, M. Dind. J. Chem2001,
40A 693.

(10) Geerts, R. L.; Huffman, J. C.; Folting, K.; Lemmen, T. H.; Caulton,

K. G.J. Am. Chem. Sod 983 105, 3503.

whereC, is a proportionality constant and\,)or is the
line width in the pure solvent at temperaturelf viscosity

(11) Jenkins, H. D. B.; Marcus, YChem. Re. 1995 95, 2695.

(12) Gill, D. S.; Cheema, J. &Z. Phys. Chemie (N. F1983 134, 205.
Gill, D. S.; Chauhan, J. &Z. Phys. Chemie (N. F1984 140, 149.

(13) Nikam, P. S.; Sawant, A. B.. Chem. Eng. Datd997, 42, 1151.

(14) Saha, N.; Das, Bl. Chem. Eng. Dat200Q 45, 1125.

(15) Kanes, J. PDiss. Abstr 1967, 26, 1367.
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63Cu NMR of Cu—AN System

T T L B B T T T LA B T Table 2. Water Dependence &BCu(l) Line Width for Cu(AN)*
ssok _ in AN
- : [Cu(hl, AN, [H0], #u° [Cu(iD],c Wiz Wion),
o anion M vol % M cP mM Hz Hz
’;540 BFz 0.087 100 0 0363 0 540 508
= } . BFz2 010 99 051 0365 0.099 560 522
£ BF 010 98 1.08 0370 0.196 620 573
£ BF.? 010 9525 264 0393 0 805 699
I O i C T S . ] BF. 010 9525 264 0393 0476 850 716
E + o+ BFs2 010 95 278 0395 0 900 777
e P b 1 BFs2 010 90 561 0440 O 1215 941
I .o o + ] ClO, 0.062 100 0 0356 0 443 422
~ Clog 0.061 100 0 035 0 550 525
aofg------- 1 Clog 0.089 91 504 0428 0 2700 2152
Iﬂ L Clog2 0.062 91 504 0420 0.8 4800 3887
0.050 0.100 0.150 0.200 0.250 0.300 ClOog 0.064 100 0 04083 O 520 (491)
[Cu(AN)4X ], M (0.36}

) ) ) o Clogd 0.064 269 0423 0 997 805
Figure 3. Concentration dependence of tR&Cu(l) line width times clod 0.064 536 0440 0 1221 948
reduced viscosity for Cu(ANX salts in AN: X = CIO,~ (<) ref 2, @) ClOg9 0.061 90 561 0429 0 1235 982
this work; X = BF4~ (+) ref 1; X = triflate (®) this work. Dashed lines Clod 0.064 14.5 0627 0 2850 1552
(- - -) are eyeguides only. Clogd 0.064 23.2 0849 0 4300 1725

ClOgd 0.064 283 097 0 5160 1800

; : : ; Clogd 0.064 329 112 0 6400 1940
change is the only factor affecting the line quth, then a plot Fgc“sosg 0,045 100 0 0350 0 450 433
of the factor {o/)W12 versus salt concentration should be F,csos  0.045 020 0350 O 460 447
a constant, independent of the salt concentration. FCSQ  0.045 053 0351 0 500 484
FiCSQY  0.045 1.00 0355 0O 640 615

The appropriate plots are shown in Figure 3. The results
aReference 22 Calculated from densities and viscosities compiled in

suggest thatfo/n)Wa. is essentially constant for the per-_ ref 13 for AN/HO solutions.® The source of Cu(ll) is not specified.
chlorate and tetrafluoroborate salts, and that the concentration: Reference 9 in AN/BO solutions Viscosities measured for the Cu(l)/
effect with these salts is primarily due to the viscosity change. AN/D2O solutions." Calculated value consistent with earlier CuGleN

: ; viscosity vs concentration results in ref EDetermined in the present study
The anomaly of d|ff(_arenw1,2)o¢ values from d|fferent.sal_t_s in AN/H,0 solutions.
and sources remains. There appears to be a significant

remaining effect of salt concentration on line widths for the o viscosity!? This also might account for some of the

triflate salt. variability between reported line widths noted in Table 1.

Th_g gppare_ntlyé_f?ifferent beh_aviof:( of tri;‘l:?]te migElt be The effect of water has been examined in this study by
as(cjrlt '?I tto qu_lte fiterent VtI.SCOSIty € ﬁfts oft Ie p;arcthorate preparing samples under vacuum and adding known amounts
and triiate anions, suggesting a muc arB_a alue tor the of water by dehydrating weighed amounts of [Co@NH,]-
latter. But a rather large value & ~ 1.4 is required to R . .

) . . PR ; Br; at ~100°C and condensing the water in the Ca{AN
linearize the Cu(trif) (trif-= triflate) data. This seems L ) " _
solution in a dry ice slush. In addition, through a series of

unlikely from & comparison of the viscosities of sodium determinations of the density of various volume percentages
perchlorate and triflate in DMS®. The two salts show . y ot P 9
of AN/H,0, it has been possible to convert the earlier

essentially the same concentration dependence in DMSO, ‘ .
observations of Kroneck et alto water molarities for

and B values in AN and DMSO are generally of similar )
magnitude:! Results described later will show that there comparison to the present study. As part of the same study,

actually is a triflate ion effect on the line width which can Kroneck et al. also added Cu(ll), at the submillimolar level
be explained by ion pairing. to the solutions. These results are summarized in Table 2. It

The viscosity/temperature dependence has been tested b ppears that t he \_/iscosity effect is not sufficient to account
comparing the temperature dependence of4dine widths or the line width increases beyond 48 > 0.5 M.
in pure acetonitril& to those of a 0.045 M Cu(trif) solution. The results in Table 2 for the BFand ECSQ;™ salts are
The results (Figure S1 in the Supporting Information) show in agreement with regard to the trend with increasingQH
that the viscosity corrected line widths of the Cu(trif) solution and indicate a marked increase in line width for@(§ >
agree with those of the pure solvent, and both have the0.5 M, with an essentially linear increase with{]. The
temperature dependence expected from the viscosity. somewhat larger line widths observed by Kroneck étal.

Water and Cu(ll) Effects. Another possible explanation lower [HO] might be due to water already present from the
for the concentration dependence, and the different line Solvent and suggest that the Bf ~ 0.5 M, i.e., 99 vol %
widths with zero salt, is the presence of Cu(ll) and/or AN, in Kroneck’s samples. The effect of Cu(ll) with BF
adventitious water. The latter might be present in the solvent, seems to be minor, but the GiOsamples of Kroneck are
or be introduced along with the salt. Water could act as a anomalous in showing an apparently large Cu(ll) effect, and
ligand in a lower symmetry complex and also would increase more than twice the line width expected in 5.04 M water,
compared to BFF. This anomaly is further shown by the
(16) Yao, N.-P.; Benion, D. NI. Phys. Cheml971, 75, 1727. fact that Gill's results for CI@™ are in good agreement with
an \Z’Y)%'aa'ifz” nglz(éz\?dfri', '\gat‘g’fgxirtz”,\ANlalg"r?:;?’Jggge“;ané‘zy those of Kroneck for BF, but not with the latter's CIQ

Trans 1990 86, 593. data.
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In the study of Kroneck et at.the temperature dependence substitution into eq 5 and rearrangement gives eq 6.
of the line width for the CI@ salt in 91% AN also is
anomalous in showing a maximum-a80 °C, while in pure
AN there is a minimum at about5 °C. The authorsadmit
to having no explanation for this behavior. In the present

study, the temperature dependence of 0.0613 M Cu@IO The temperature dependence of the right-hand side of this

90% AN/H0 was found to have a line width at 2& in expression depends only on the thermodynamic parameters,

agreement with Gill et &l (see Table 2), and the temperature  AHe and AS°, which characterize th& to B equilibrium.

dependence was analogous to that in pure AN (see Figurerhese parameters and the total concentration of Cu(l) and

S2in Supporting Information). It appears that the sample of x can be used to calculat&] and [B] and hence to fit the

Kroneck et af. was contaminated in some way. relaxation rate data as a function of temperature and
It was noted previously that the PFsample of Sclhilafer concentration.

had anomalously large line widths. If this was due to water ~ Concentration Dependence: lon-Pair Model The ion-

in the sample, the sample would need to have be&rv pair model has been tested first because it seems the most

in H20, or ~95% AN. This would seem to be unlikely. It  natural way to account for the concentration dependence with

has been our observation that samples prepared in air fromF;CSQ;~. The lack of real concentration dependence with

freshly opened acetonitrile as supplied by the manufacturer,CIO,~ and BR~, beyond the viscosity effect already noted,

and simply sealed with a plastic cap and Parafilm, show no could be ascribed to the low charge density and polarity of

effects of water in their NMR line widths. these ions compared tgESQ;~. Gejji et al. have considered
Chloride lon Effect. The variation in line widths observed  the theoretical aspects of ion pairing of |.Na", and NH*

by various workers might be caused by the presence of tracegvith FsCSQ;™ in the gas phas€.The Eiger-Fuos3® model

of potential ligands for Cu(l). Chloride ion is one of the more predicts thatK; might be in the range-15 M~* for outer-

ubiquitous of such species, and its effect on the line widths sphere ion association between unit charged species in

Ce [B]

Wi,
Ty T [A + B]

e

G Al
T [A+B]

(6)

has been investigated by adding {8tCl to 0.0613 M
CuCIQ, in AN. For chloride ion concentrations of 0.0015,
0.0031, 0.015, and 0.031 M, it was found that ¢@u line

acetonitrile at 25C.
For the Cu(l)-triflate solutions, a preliminary examination
revealed that the line width increased nearly linearly with

widths are 1089, 1874, 4370, and 7557 Hz, respectively, atthe concentration up te-0.05 M. This suggests that the

25°C. Clearly, even millimolar amounts of chloride ion have

concentration of the ion pair is small relative to the total

a large effect on the line width. These observations empha-Cu(l) for such solutions, so that < 3 M™% A visual
size that traces of complexing anions can have very analysis, withk; = 2, produced a good fit of the data at 298

significant effects.

Line Width Temperature and Concentration Depen-
dence Models. A simple two species model has been
developed to model the Cu(l)/AN system. The speckes,
andB, are assumed to be in rapid equilibrium, as shown in
eq 4.

==

A=B

(4)

SpeciesA is expected to be Cu(AN) and is dominant at
low temperatures, whilB is a lower symmetry species with

K for all the Cu(trif) solutions. It also was found that four
solutions with (ByN)(trif)/Cu(X) concentrations of 0.05/
0.0613, 0.10/0.0613 (> ClO,4), and 0.20/0.0624, 0.401/
0.135 (X= trif) have line widths consistent with this model.
However, solutions with Li(trif) added to Cu(Cklpor Cu-
(trif) are not fitted as well, with line widths consistently
smaller than predicted, and the Cu(trif) solutions have
consistently larger line widths than corresponding solutions
of Cu(ClQy). This suggests that the total triflate concentration
does affect the line width, but the effective triflate ion
concentration in Li solutions is smaller than the expected
value. One possible explanation for this is through ion pairing

a larger line width and is favored at higher temperatures and u¢ | i+ and RCSQ;. There have not been any studies relating
concentrations. The reaction could be a simple structural iy on pairing of lithium triflate in AN, but Salomon and

change or involve the anion (X) to form an ion pair. The

co-workerd® have interpreted conductivity measurements to

model also should give a rationalization for the observation indicateK; = 18.4 for Li(CIOy) in AN. Lithium triflate has
that only triflate seems to show an appreciable concentrationpeen studied in butyrolactoé,which has a dielectric

effect. In any case, if quadrupolar relaxation is dominant for
both species, then the line width(,;) and relaxation rate

constant similar to AN, and found to ha¥e ~ 20.
In the final analysis, the model included the coupled

(T>™) will be related to the species concentrations by ed 5 gquilibria for triflate ion pairing with Cti and Li*, and the

[B]

A
2t G D

AWy, =T, = Ca m 7oA

(®)

where C; and C§ are temperature independent constants,

and tq is the correlation time governing the quadrupolar
relaxation. If the StokesEinstein relationship is assumed,
thenzq O 5/T, wherey is the viscosity of the solvent, and
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63Cu NMR of Cu—AN System

Table 3. Triflate lon Dependence dfCu(l) Line Widths in AN

[CulD]w added salt [trifl o, Wiz HZ2 Wy, Hz2 750
Cu(l) source  mM mM mM obsd calcd
Cu(trif) 4.94 0 494 417 418 650
Cu(trif) 9.63 0 9.63 416 422 S
Cu(trif) 9.88 0 9.88 420 422 =
Cu(trif) 24.7 0 24.7 437 434 B 550
Cu(trif) 26.0 0 26.0 449 435 2
Cu(trif) 49.4 0 49.4 449 452 __E]
Cu(trif) 50.6 0 50.6 456 453 450
Cu(trif) 50.6 0 50.6 449 453
Cu(trif) 62.0 0 62.0 469 461
Cu(trif) 98.8 0 98.8 488 484 350
Cu(trif) 117.0 0 117.0 488 495 ) ) ) ) ) ) .
Cu(trif) 117.0 0 117.0 482 495 305 325 345 365 385 405 425
Cu(trif) 247.0 0 247.0 579 562 1000/T, K-!
Cu(CIOy) 61.3 50.0 50.0 477 473 ) . ) )
cu(Cloy) 61.3 50.0 50.0 475 473 Figure 4. Temperature and concentration dependené&&uf(1) line widths
CU(C|O4) 61.3 100.0 100.0 513 510 for Cu(AN)4(trifIate): (+) 4,94 x 1073 M; (D) 4.5 x 102 M; (O) 0.117
Cu(trif) 62.4 200.0 262.4 603 600 M. Curve () calculated from the ion-pair model for 4.941073 M, K; =
Cu(trif) 135.0 401.0 536.0 748 758 1.5(25°C), AH° = 6.0 kcal mot?, andAS’ = 20.93 cal mot! K1, Curve
Cu(trif) 62.4 50.0 112.4 482 481 (- - -) calculated for 9.88« 1073 M and the same\H° andAS’.
Cu(trif) 62.4 100.0 162.4 497 498
gu(c_|o4) g;-i %82-3 ;ggg gg‘; ‘S‘rgi widths at higher temperature. Th&H®° for the ion-pair
cﬂﬁté'&) 613 2000 2000 513 515 formation constantk;) will be determined essentially by the
Cu(CIlOy) 61.3 200.6¢  200.0 513 515 observed temperature dependence of the line widths.
Cu(CIOy) 61.3 500.0 500.0 576 576

To test the ion-pair model, the temperature dependences

@Measured on a Varian S-400 MHz spectrometer in 5 mm tubes unless of 4.94 x 1073, 4.50x 1072, and 0.117 M solutions of Cu-
otherwise indicated? Measured on Bruker AM-200 MHz spectrometer. ey ; ot ; ;
© Added as BuN(trif). ¢ Added as Li(trif). Salt oven-dried immediately (/1) IN AN were studied. A qualitative examination of the
before sample preparatiolin 10 mm tube on Bruker AM-200. line widths (Figure 4) reveals that there is not a marked

_ _ o . . _ sensitivity to concentration at higher temperature, and it
width, while taking viscosity effects into account, using the ould appear that this model may not work, unlessAh
parameters of Gill et &f It was assumed that the viscosity s sufficiently small so thak; does not change too much
B coefficient was the same for CuLi™, and BuN", since between 25 and 70C. SmallK; and AH® values also are
the values are known to be quite simitaiThe contributions  gyggested by the fact that the temperature of the minimum
of the ion pairs Ce(trif) and Li-(trif) to the viscosity are  jine width does not seem to shift much with concentration.
problematic, and it was assumed that these neutral specie®iherwise, one would expect the higher temperature arm to
did not make a significant contribution. Then, the line widths pacome more important at higher concentrations, and the
were fitted by least-squares to eq 7 minimum would shift to lower temperature.

C.\ [cu'] Cg) [Curtrif] For the analysis, the value &f = 1.5 at 25°C was taken
W, =7 T m + T m ) from the previous analysis, variodgH° values (10 kcal
tot to mol™Y) were assumed, and theS’ was calculated. It was
A 1 :

where is the viscosity in millipoise. The best fit gavwg founddthat aﬁH Ln the rgnge 56 kcal n(;or |sdreqU|red tﬁ i
values for Ct and Li" of 1.514+ 0.48 and 9.0+ 1.3 M4, reprc; uce the ooser\l/e tempe:atu:re ) epenﬂ'ence. %f the ine
respectively, with Ca/T) = 1.213+ 0.007 x 1 and Ca/ widths. SuchAH® values are clearly in conflict with the
T) = 2.164+ 0.15x 1C°.

implication of the data thak; does not change much from
The solution compositions and results for the ion-pair 25 to 70°C. This was confirmed by model calculations based

model study are summarized in Table 3. The excellent ON fitting the lowest concentration data wikh = 1.5 (25

agreement between the observed and calculated line widths, ©): AH® = 6.0 kcal mof, andAS® = 20.93 cal mof*

and the quite reasonable magnitudes of Kjs seem to K1 (solid curve in Figure 4). If the same parameters are
vindicate the model as an explanation for the concentrationUSed to calculate the curve for twice the total Cu(trif
effects with triflate. It should be noted that the latter depend concentration (9.88 107 M) (dashed curve in Figure 4),

on the details of the viscosity correction, but similar values the predicted line widths are much larger than those observed

are obtained with any model assuming a normal dependenceVen in the 0.117 M solution. The calculated curve follows

of viscosity on salt concentration.
Temperature Dependence. (a) lon-Pair Model.The

the expectations of increasing line width change at higher
temperature and shift of the minimum to lower temperature,

ability to explain the temperature dependence also is a critical Put it simply cannot reproduce the experimental observations.

requirement of any successful model. Thet€&:CSG;~

The conclusion from this analysis is that the ion-pair model

ion-pair model assumes that there is more ion pairing at alone cannot account for the increase in line width with

higher temperature in order to explain the increasing line temperature. It can account for the small concentration
widths above—>5 °C. This implies in turn that there should effects, but the ion-pair formation constant must have a much
be a more pronounced concentration dependence of the linesmaller temperature dependence than the line widths.
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Figure 5. Temperature dependence of tR€u(l) line width divided by
viscosity for Cu(AN)CIO,4 in AN: (+) 6.21 x 1072 M; (O) 6.21 x 1073
M.

3.05 3.25 345

(b) Coordination Change Model. An alternative model
assumes thaf and B are related by some change in the
coordinated ligands such thBtis less symmetrical thaA
and therefore provides more effective quadrupolar relaxation.

It should be noted that the minimal temperature dependencep

of the triflate concentration effect, already noted, shows that
the coordination change does not involve formation of Cu-
(AN)(trif). The concentration dependence is due in part to
viscosity changes and to ion pairing but is relatively
temperature independent compared to the coordination
change equilibrium.

The perchlorate samples studied here present a good initia
test for this model. The concentration dependence is con-
sistent with viscosity effects, so that there are no complica-
tions with the magnitude or temperature dependence of ion-
pair formation. Minor modification of eq 7 gives eq 8

Lo }

where A andB are the symmetrical and less symmetrical
species, respectively, an@, and Cg are temperature
independent constants dependent on the QCC for the

[A]
[A + B]

[B]
[A + B]

Wiz _ 1

n T

+Cq ®)

¢
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5 is calculated on the basis of the parameters given and shows
that the model does fit the data.

Further justification for the model is difficult to provide
because of the unknown nature of the lower symmetry
specieB. The AH® is similar to that found by Marker and
Gunte? for the Cu(l)-phosphite systems. The relative values
of Ca and Cg should depend on the values of (QC®&)r
the two species, assuming that they have very similar
correlation times. The rati€s/C, = 158 suggests thdd
has a 12.6 times larger QCC than

The value ofC, can be used to estimate thag, ~ 128
Hz for speciesA at 25°C, and then, the most recent value
of 7o &~ 1.4 x 1071t s, from Gill and co-worker8,yields
QCCy = 2.7 MHz for Cu(AN)". The only homoleptic
tetrahedral Cu(l) species with a known QCC seems to be
Cu(CN)#~, for which QCC = 1.125 MHz has been
determined by Kroeker and Wasylish&n.

The value of QC& and the ratioCg/Ca gives QCG ~
34 MHz for speciesB. Lucken and co-worket$ have
reported a number of NQR measurements for Cu(l) com-
lexes, but they have more complex ligand systems than AN.
For 3-coordinate (2,6-lutidinglu(halide) complexes, the
NQR frequencies are 3388 MHz, while analogous (2,6-
lutidine)sCu" species are in the range 486 MHz. For
several compounds of the general coordination tyjieus,
and PCug Asaro et aP* have determined quadrupole
coupling constants from solid-state NMR in the range-17
7 MHz. Two linear bis(tribenzylphosphine)Cu(l) salts have
QCC in the range of 80 MHZ All that can be said is that
a value of~34 MHz for specie® appears to be in the range
of possible values.

The BFR~ system previously studied by Ochsenbein and
Schigpfert and Kronek et at.is analogous to the perchlorate
in that there is no indication of ion pairing, so that the same
parameters foKc should describe the BF system. Plots
of Wi/ versus 1T for these data are shown in Figure 6.
The results of the two studies generally are in agreement
between about-15 and 20°C, but Kroneck et al. reported
larger line widths at higher temperatures and somewhat
smaller values at lower temperatures. The curve through the

respective species. The concentration and temperature dedata of Ochsenbein and Stpfar in Figure 6 is drawn with

pendence of the viscosity, can be calculated as previously
described. In the low-temperature limit whee > [B], a
plot of Wi,/n versus 1T should be linear with a slope of
Ca. In the opposite limit, the slope would h@s, but the
data do not indicate that this limit is ever really reached for
the accessible temperature range.

The appropriate plots for two samples of 6.:21.0°3 and
6.21 x 1072 M Cu(CIQy) are shown in Figure 5. The low-
temperature limit is clearly observed, and the viscosity

essentially the same parameters as those for the perchlorate
system,Ca = 1.15x 10* andCg = 17.9 x 1. However,
the data of Kroneck et al. requifg, = 0.90 x 10* andCp
= 21.6 x 10°, which are~20% lower and higher, respec-
tively, than the others. These observations, combined with
those for the triflate system described in following para-
graphs, suggest that there is some systematic error in the
observations of Kroneck et al.

The temperature dependence for Cu(trif) is more complex

change adequately corrects for the concentration dependencgg analyze because the ion-pairing equilibrium is coupled to

A nonlinear least-squares analysis gave an excellent fit of
the data withAH® = 5.4 kcal mot?, AS® = 9.78 cal mol?

K™, Ca = 1.125x 10% andCg = 17.86 x 10°. However,
because the latter value is not defined by the data, it was
necessary to holdhH® constant during the fitting, and the
values given produce the minimum standard error of the fit
for AH° in the range 4.58.0 kcal mot*. The curve in Figure
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63Cu NMR of Cu—AN System

' ' - ' ' - ' that for Cu(AN),*. Then, the contributions from the (AN)
250k 1 species and from the (AN¥pecies are given by, andF,

respectively.
240

i - F, = Co(ICU(AN) ;] + L.8[Cu(AN),(trif)])  (9)

F,, = Cg([Cu(AN) /1 + 1.8[Cu(AN),«(trif)]) 9

Linewidth/n , Hz mp~!
2
T

The predicted line width divided by viscosity is given by
eq 11

Wy, F,+F,

3.05 3.25 3.45 3.65 3.85 4.05 4.25 -
1000/T, K~ n TICUlot

Figure 6. Temperature dependence of tH€u(l) line width divided by where [CUlot is the total Cu(l) concentration

viscosity for Cu(AN)}BF; in AN: (@) 0.10 M, ref 1; ) 0.09 M, ref 2. : o o

The analysis of the results initially indicated that thid®
T T T T T T ' for Kj is <1 kcal mol?, and a value of 0.50 kcal mdl has
been used, along withS® = 2.48 cal mot! K1, to giveK;
= 1.5 at 25°C. ForKc, the thermodymamic parameters from
the perchlorate system were used. The curves in Figure 7,
which reproduce the data very well, were calculated with
Ca = 1.06 x 10* andCg = 17.9 x 10°. The latter value is
identical to that found to fit the perchlorate system, and the
former is 6% smaller than for the perchlorate salt.

In theory, if the viscosity/concentration effect in both
systems and the ion-pair effect with triflate have been
correctly evaluated, then the two systems should give the
same values foCay and Cg. The agreement found gives

(11)

[N} 18}
& ©
=) S

%)
=1
=

Linewidth/n , Hz mp~!
B 2

®
=

'S
=3
T

3.05 3.25 345 3.65 3.85 4.05 4.25

1000/T, K1 substantial support for the generic, coordination-change
Figure 7. Temperature dependence of ##€u(l) line width divided by model to explain the largéCu line widths and their
viscosity for Cu(AN)(trif) in AN: (+) 4.94 x 10°3 M; (O) 9.88 x 1073 anomalous temperature dependence.

i'\rllléjigggg%ii%b'}ﬂe- The calculated curves for the first two solutions are The question remains: what really is CU(A\N? The
' present study has established that it is not an ion pair, Cu-

Scheme 1 (AN)+(X), and it is not the stoichiometrically equivalent
K; inner-sphere complex, Cu(Aj(X). On the basis of the
Cu(AN),* + Trif” === Cu(AN),*(Trif) general coordination chemistry of Cu(l), a coordination
X number greater than 4 is very improbable. Then, one is left
Cl Kcll with Cu(AN);™ as the most likely possibility.

Cu(AN),* Cu(AN), (Trif) Experimental Section

Materials. Acetonitrile (Caledon, Fisher, or BDH) was dried over

that for the coordination change. The plot of M# versus 4 A molecular sieves for several days before use. Doubly distilled
1/T, shown in Figure 7, is quite similar to that for the water was used whenever required. Diethyl ether (Fisher), perchloric

: . .. acid (Fisher), trifluoromethanesulfonic (triflic) acid (Aldrich),
perchloratg system, aside from the slight changes W.Ith cuprous oxide (Matheson, Coleman and Bell), cupric oxide (Fisher),
concentration. The results have been analyzed by solving

e . and copper foil (Matheson, Coleman and Bell) were used as
the coupled equilibria in Scheme 1 for the four species, Cu- supplied. Tetraethylammonium chioride (Sigma), tetiagtyl)-

(AN)4*, Cu(AN)y«(trif), Cu(AN),", and Cu(AN)-(trif), where ammonium triflate (Aldrich), tetratbutyl)ammonium perchlorate
the latter two result from the coordination change. (Aldrich), tetramethylammonium tetrafluoroborate (Aldrich), and

The analysis of the perchlorate system has gikerand tetramethylammonium hexafluorophosphate (Aldrich) were dried
its temperature dependence, and some indication of the ratigh an oven at 90C. Lithium triflate was prepared by adding5

of the QCC values for Cu(ANY and Cu(AN)*. The triflate M triflic acid to an aqueous slurry of the required amount of lithium
system has shown thd¢; = 1.5 at 25°C with a small carbonate (Fisher), concentrating the resulting clear colorless
i .

RN . . solution to dryness, and then washing the solid with diethyl ether
temperature dependence, and it indicates that the ion pair_ drying in vacuo.

caus_e3w_1.8 times more broadening than _|ts parent. However, CU(OH.)4(0sSCR),. A 1% excess b5 M triflic acid was added
nothing is known abouKc; or the magnitude of QCC for 4 an aqueous slurry of cupric oxide (3.58 g, 25 mmol) af€0
Cu(AN),-(trif). Therefore, the simplest assumptions have ang stirred until a clear blue solution remained. The solution was
been made in analyzing this system, namely that= Kc concentrated to dryness on a steam bath, and the remaining solid
and that the broadening due to Cu(ANirif) is 1.8 times was dissolved in a minimum amount of acetonitrile, recrystalized
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with ether, filtered, washed with ether, and dried in air. Anal. Calcd was then capped and covered with Parafilm. Aliquots of freshly
for CuGFsHgO10S;: Cu, 14.65; C, 5.54; H, 1.86. Found: Cu, 14.50; prepared stock were diluted to obtain the required concentration.
C, 5.20; H, 1.67. Samples of 0.6 mL (5 mm o.d. tubes) or 4 mL (10 mm o.d. tubes)
Cu(O3SCHR),. The anhydrous material was obtained as a white, were then transferred to the NMR tube which had been dearated
hygroscopic powder by heating the tetrahydrate in an oven at 100 by flushing with argon for 5 min. The argon was bubbled through
°C for 3 days. Anal. Calcd for CWEsOsS;; C, 6.64. Found: C, the solution for a further 1 min before placing a septum cap and
6.30. sealing with Parafilm. Other salts were added similarly to the Cu(l)
Crystals obtained from a solution of the hydrated salt in dried solutions. These samples were routinely stored in a refrigerator.
acetonitrile are Cu(kD),(CHsCN),(0sSCR),. Water-free crystals, Samples also were prepared on a vacuum line by distilling-CH
Cu(CHCN)4(OsSCF),, were only obtained when the anhydrous CN/CDs;CN onto a weighed amount of Cu(NC@J{OsSCFRs) in a

salt was used. weighed NMR tube. Then, the tube was sealed and reweighed to
CU(NCCH3)4(OsSCF). In a modification of a published pro-  determine the final concentration. Samples containing small amounts
cedure?® a mixture of acetonitrile (20 mL), Cu(®)4(0;SCF), of water were prepared on the vacuum line by collecting the water

(2 g, 4.6 mmol), and copper foil (0.5 g, 7.9 mmol) was stirred in released from weighed amounts of (JsCo(OH,)Brs (heated at
a capped parafilm-sealed Erlenmeyer flask until the solution turned 100-110 °C)*® onto the Cu(l}-acetonitrile sample in a dry ice
colorless. Filtration on a-48 um sintered glass frit gave a clear slush. The tube was then sealed under vacuum and the composition
solution. The product was recovered as a white powder in two ways. determined from the mass as described.
The first method involved removal of the solvent by vacuum  ®*Cu NMR and N NMR Measurements. The’*Cu NMR
distillation. An ice/water slush was used to trap the solvent, and spectra were recorded using broad band probe heads on Varian S
pumping was stopped just when the solid appeared to be reasonably*00 and Bruker AM 200 spectrometers. The latter also was used
dry. The use of a liquid nitrogen trap or prolonged pumping seemed for the 24N spectra. Samples were in 5 mm o.d. tubes, except for
to give a product that was more sensitive to air and moisture. The one®*Cu measurement at 2& in a 10 mm o.d. tube on the Bruker
product was then transferred to a glovebag and stored undersystem. Typical NMR parameters were the following:® #filse,
prepurified N. In the second method, anhydrous diethyl ether was delay~5Ti, spectroscopic window 50 kHz, exponential filter (line
added to the solution and the white solid allowed to settle before broadening) 10 Hz. For tHféCu spectra, about 9500 scans (Bruker)
collecting by filtration under argon. The product was dried and or 1000 scans (Varian) were collected, while 400 scans were used
stored under argon. This product seemed more air-resistant tharfor “N. The line widths were determined by fitting to a Lorentzian
that from the vacuum distillation. A portion of product was line shape using the spectrometer’s software, as well as locally
dissolved in 0.1 M HCIQand analyzed for copper by the K2~ developed programs. Both methods were in good agreement. The
method. Anal. Calcd for CugEsH;.N4OsS: Cu, 16.86; N, 14.87,  variable temperatur€®Cu and a few?*Cu (25°C) NMR spectra
C, 28.69; H, 3.21. Found: Cu, 17.10; N, 14.18; C, 27.64; H 2.98. were recorded on the Varian S 400. Thewas determined by a
Cu(NCCH3)4(ClO,). A published proceduféwas modified by ~ (7—7—7/2—Acg—D)n (n = 1500 transients at each ofddalues)
adding a 1% excess of 70%-11.6 M) perchloric acid to an  sequence on 0.117 M Cu(NCG}(OsSCF;) and analyzed using
acetonitrile slurry of cuprous oxide (1.43 g, 10 mmol) at 4D the Varian software. In all line width measurements, it was
and stirring the mixture for 1 h. To the resulting colorless solution, Observed, in agreement with Marker and Guhténat when an
a similar volume of diethyl ether was added, and the resulting white €xponential filter was applied to the FID, the resultant line
crystals were allowed to settle before collecting by filtration and broadening needed to be subtracted to obtain the correct line width.
washing with 80%/20% v/v ether/acetonitrile. This salt is stable in  Acknowledgment. The authors are pleased to acknowl-
air for several months with no visible oxidation if moisture is edge the assistance of G. Bigam, L. Kong, and G. Aarts with
excluded. the NMR measurements and the financial support of the

(NH3)sCo(OH;)Brs. A 1.0 g sample of [(NH)sCOCQINOs was — Naryral Sciences and Engineering Research Council of
added to a solution of 20 mL of water and 20 mL of concentrated Canada

HBr in an ice bath. The mixture was stirred for 10 min, and then,

the solid product was allowed to settle before it was collected by ~ Supporting Information Available: Figure S1 comparing the

filtration. The product was washed with ethanol and ether and air- temperature dependence of &l line widths of acetonitrile and

dried. a 0.045 M solution of Cu(trify and Figure S2 showing the
NMR Samples.On the benchtop, stock solutions were made temperature dependence of tff€u(l) line widths of 0.0613 M

by quickly weighing and transferring the triflate or perchlorate salt CU(ClQs) in 10% water, 90% acetonitrile. This material is available

to a measured volume of a GEN/CDsCN mixture in a vial which free of charge via the Internet at http://pubs.acs.org.
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