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suppresses the rate of corrosion by a factor of about 14. 
The values of the solution resistance, RQ, were 0.7 fl cm2 
at  23 "C and 0.1 cm2 at  95 "C. The time dependence 
of reciprocal R, values and values of percent inhibition at  
23 "C have been plotted in Figures 2 and 3, respectively. 
The inhibition efficiency was observed to reach a steady 
state within 6 h of reaction. The steady-state inhibition 
efficiency using 0.01 % oligomeric methylquinolinium 
methylsulfate at 23 "C was calculated to be 88%. A similar 
calculation at a temperature of 95 "C was found to be 90%. 

In conclusion, we observed a high anticorrosion effi- 
ciency of the quaternary salt of oligoquinolines (2a and 2b) 
on carbon steel surfaces in aqueous acidic media a t  both 
ambient and elevated temperatures. They can be utilized 
as valuable corrosion inhibitors in the acid-flooding process 
of oil well exploration. While the exact mechanism of 
inhibition is unclear, it was hypothesized that positively 
charged quinoline oligomers being absorbed on the metal 
surface create an electrostatic field which repels the pas- 
sage of ferrous ions into solution. If this mechanism is 
correct, the inhibition action can be extended to other 
metals. 

MQO-MeS04, 138629-29-5; carbon steel, Registry No. 
11 121-90-7. 
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The discovery of two new radical-cation-based organic 
superconductors, K-(BEDT-TTF),CU[N(CN),]X, X = Br 
(T, = 11.6 K)lS and C1 (T, = 12.8 K, 0.3 kbar)4 possessing 
new records of high T,, was reported recently [BEDT-TI'F 
is bis(ethy1enedithio) tetrathiafulvalene, or simply ET]. 
The preparation of single-phase materials is essential for 
the physical characterization of new organic supercon- 
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Figure 1. (a) ET molecule with atomic labels. A 2-fold rotation 
axis perpendicular to the plane of the drawing relates the two 
halves of the molecule, (b) infinite chain-like polymeric Cu[N- 
(CN)2]2- anion with atomic labels. In both parts of the figure, 
the atoms (except hydrogen) are drawn with 50% probability 
ellipsoids, but the scale of (a) is different from that of part (b). 

ductors. Whereas the Br salt is easily produced as a sin- 
gle-phase material by several different routes,5v6 two dis- 
tinctly different phases (rhombic platelets for the super- 
conductor and needles for the second nonsuperconducting 
phase) were observed simultaneously when the isostruc- 
t u rd  C1 salt superconductor was prepared. The multi- 
phasic nature of the crystal growth that occurred during 
the preparation of K- (ET)~C~[N(CN)~]C~ ,  1, was not un- 
precedented. Whereas the first organic superconductors 
[(TMTSF),X, X- = PFC, AsF6-, SbF6-, TaF6-, Reo4-, 
ClOq]' were prepared as single-phase materials during the 
electrocrystallization process, the second class of organic 
superconducting materials, based on (ET)2X (X is a mo- 
novalent anion), frequently yield multiple crystallographic 
phases with varying electrical properties.8 Thus, there 
often exists a delicate balance of reaction equilibria oc- 
curring during electrocrystallization, complicated by the 
fact that for the preparation of polymeric anions the 
starting materials frequently do not yield the expected 
anion-containing salts, and these factors must be under- 
stood and controlled in order to prepare the desired 
products. 

Superconducting K-(ET)~CU[N(CN)~]C~, 1, was initially 
prepared from the electrocrystallization of the ET  donor 
molecule in the presence of CuCl and PPh4[N(CN)2].4 
Crystals of the rhombic shaped C1 salt, 1, are usually 
smaller than those of the isostructural Br salt grown under 
identical conditions, and in addition, a second competing 
needle-shaped product frequently grows simultaneously. 
In this communication, we report the fmt characterization 
of the needle phase, (ET)Cu[N(CN),],, 2, by use of X-ray 
diffraction, ESR spectroscopy, four-probe conductivity 
measurements, and the synthetic procedures required for 
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Figure 2. Stereoview of the unit  cell of (ET)Cu[N(CN),],. No well-developed S.43 network exists in this salt, and the shortest 
intermolecular S . 4  contacts, at a distance of 3.63 A, are drawn with thin lines. The atoms are shown with ellipsoids of an arbitrary 
scale, and the hydrogen atoms are omitted for clarity. 

Table I. Electrocrystallization of K-(ET),C~[N(CN)~]CI,  1, a n d  (ET)Cu[N(CN),],, 2, by Various Routes 
electrolyteafb current density, WA/cm2 crystal morphology ESR line width,* G productC 

CuCl, PPh4[N(CN),ld 0.1-0.2 (30 days) rhombic plates 55-75 1 (major)e 
needles 7.8-10.3 2 (minor)' 

Cu[N(CN),], N(hexyU4C1 0.2 (28 days) rhombic plates 60-68 1 
PPh4Cu[N(CN)2]2, N(hexyU4C1 0.1 (28 days) rhombic plates 56-61 1 
N(n-Bu),CuC12, PPh4[N(CNI2] 0.2 (55 days) thick rhombic plates - 60 1 (major) 

rectangular plates 39 3 (minor) 
CuCl, PPh,[N(CN),], N(hexyl),Cl 0.2 (29 days) rhombic plates -60 I (major) 

rectangular plates 47 3 (minor) 
needles -9  2 (trace) 

CuCl, PPh,[N(CN),], 0.5 equiv N(hexyl),Clf 0.2 (27 days) rhombic plates -60 1 
Cu[N(CN),I, PPh4[N(CN)zI 0.2 (32 days) needles 12.9 2 

Solvent: l,l,Z-trichloroethane + 10% (vol) absolute ethanol. bAmbient temperature. 1: K-(ET)~CU[N(CN),]C~. 2: (ET)Cu[N(CN),],. 
3: CI'-(ET)~CUC~,. dET (8 mg), CuCl (15.4 mg) and PPh4[N(CN),] (63 mg) in 15 mL of solvent. 'See text. fET (8.6 mg), CuCl (15.5 mg), 
PPh,[N(CN),] (63.5 mg), and N(hexyl),Cl (30.8 mg), in 15 mL of solvent. 

the selectiue growth of single crystals of the supercon- 
ducting salt 1. 

A shinv black needle-shaped crystal of 2 (0.02 X 0.08 X 
1.4 mm3j was mounted o n a  Syrkex R1 four-circle dif- 
fractometer, and its structure determined by use of X-ray 
diffraction methods? The atomic labeling of the molec- 
ular constituents is shown in Figure 1, and atom coordi- 
nates are given in the supplementary material (see para- 
graph at  end of paper). In contrast to most conducting 
salts containing ET radical cations, the structure of 2 does 
not consist of alternating layers but rather contains a 
three-dimensional network of ET  donor-radical cations 
interwoven with unprecedented tetrahedrally coordinated 
{Cu[N(CN),],-), infinite chains; see Figure 2. The only 
other examples of such three-dimensional networks in ET 
salts are (ET)Ag4(CN)6,10 (ET)AuBr2C12,11 and (ET),[V- 
(C3S5)3]?1,12 and of these ohly (ET)Ag4(CN), contains a 
polymeric anion. The ET molecules are located on a 2-fold 
rotation axis perpendicular to the plane of the molecule. 
The shortest intermolecular S.-S contact (known to be 
important for electronic conduction pathways if orbital 

(9) X-ray data were collected on a Syntex diffractometer, and the 
monoclinic unit cell data (space group C2/c, Z = 4) are (295 K) a = 16.723 
(3) A, b = 13.941 (3) A, c = 10.279 (2) A, @ = 124.02 (I)', V = 1986.1 (7) 
A3. 3061 diffraction data were collected (8/26' scans, 2.1° + a1-a2 splitting, 
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Scheme I 
CuCl + N(CN)?- {Cu[N(CN),]CI)- = CuN(CN), + CI- 

I 

cuc1,- 

3 

overlap exists) is 3.63 A, i.e., longer than the van der Waals 
distance13 of 3.60 A. Thus, no well developed S.4 network 
exists in this salt. Contact distances shorter than van der 
Waals s u m  that occur between the sulfur atoms of the ET 
molecule and nitrogen and carbon atoms of the anion are 
3.17 A (rvdW = 3.35 A) and 3.19 A (?-vdW = 3.50 A), re- 
spectively. The significantly short contacts between the 
donor molecule and anion might indicate that unfavorable 
strain exists in compound 2 (strain indexes,I4 are 5% and 
9% for the two short contacts, respectively). This ob- 
servation is consistent with the fact that compound 1 is 
preferentially formed under slow growth conditions (vide 
infra). The polymeric anion, {Cu[N(CN),],-),, contains 
chains of distorted tetrahedrally coordinated copper(1) 
atoms connected by doubly bridged dicyanamide anions. 
Only the terminal nitrogen atoms are coordinated to the 
copper atoms. A %fold rotation axis penetrates the chains 
through the copper atoms perpendicular to the chain di- 
rection (a + b). 

The resistivity of 2 was measured along the needle axis 
(c )  and indicated semiconductive behavior over the entire 
temperature range measured (295-80 K). The resistivity 
was 3.2 X lo3 D cm at  295 K with an activation energy of 
0.13 eV (between 300 and 200 K). The ESR measure- 

(13) Bondi, A. J. Phys. Chem. 1964, 68,441. 
(14) The strain index, SI, was defined as SI = 100% (r,dW - r)/rvdW 

in: Whangbo, M.-H.; Novoa, J. J.; Jung, D.; Williams, J. M.; Kini, A. M.; 
Wang, H. H.; Geiser, U.; Beno, M. A.; Carlson, K. D. In Organic Super- 
conductiuity; Kresin, V. Z., Little, W. A., Eds.; Plenum Press: New York, 
1990; pp 243-266. 
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also be prepared selectively in the absence of C1- as in- 
dicated in the last entry. 

In conclusion, electrocrystallization of ET with CuCl and 
PPh,[N(CN),] leads to two products, K-(ET),CU[N- 
(CN),]Cl, 1, and (ET)Cu[N(CN),],, 2, depending on the 
experimental conditions. 1 is the highest-T, radical-cat- 
ion-based organic superconductor (T, = 12.8 K, 0.3 kbar) 
known, and 2 is a semiconductor. The product distribution 
is controlled by chemical equilibrium with the selective 
preparation of 1 achieved under inert atmosphere by use 
of CuCl and [N(CN),]- (entry 1) or the same reagents and 
a small amount of added C1- (<0.5 equiv/CuCl, entry 6). 
Oxidizing chemical impurities must be strictly avoided as 
they increase the concentration of ET'+ and favor the 
growth of 2. A large excess of C1- should also be avoided 

ments15 on a single crystal of 2 were carried out with the 
c axis oriented vertically in the microwave cavity. Rotation 
about the c axis a t  room temperature revealed that the 
peak-to-peak line width ranged from 7.8 to 10.3 G with 
associated g values of 2.0021 and 2.0119, respectively. 

The coexistence of 1 and 2 during synthesis can be un- 
derstood in terms of Scheme I. When the reaction be- 
tween CuCl and PPh,[N(CN),] is carried out in refluxing 
acetonitrile, the product isolated is the solvated Cu[N(C- 
N),] which readily loses solvent in air.16 With the for- 
mation of Cu[N(CN),] and the presence of excess N(CN),- 
anion during electrocrystallization, the growth of 2, which 
does not contain any C1, can occur. Various reaction 
conditions for the selective electrocrystallization of 1 were 
tested in order to verify Scheme I. On the basis of the 
chemical formula of 2, i.e., (ET)Cu[N(CN),],, two strate- 
gies were taken to avoid ita formation. First, since the 
formal oxidation state of ET  in 2 is +1, high current 
density during electrocrystallization or any chemical oxi- 
dant such as a Cu(I1) impurity, both of which promote the 
oxidation of ET, should be rigorously avoided. Second, 
we chose to include excess C1- in order to shift the equi- 
librium in favor of CuCl and N(CN),- in Scheme I. The 
test results are summarized in Table I." The detailed 
experimental procedure for electrocrystallization has been 
reported in the literature.6 The structural phases were 
then easily identified by use of their characteristic room- 
temperature ESR peak-to-peak line widths. A line width 
near 60 G is indicative of 1, while a linewidth near 10 G 
is ascribed to 2. In the first table entry, under inert at- 
mosphere with rigorously dried solvent and freshly re- 
crystallized electrolytes, the only product is the super- 
conductor, 1. With undried or slightly impure chemicals 
or higher current density (>1 MA/cm2), the semiconductor 
2 is notably increased in content. In the second entry, 
without the presence of N(CN),- anion, 1 is the only 
product observed; however, the crystals are small which 
might be caused by the facile nucleation due to the very 
insoluble and highly suspended Cu[N(CN),] powder in the 
solution during electrocrystallization. The result that the 
use of Cu[N(CN),],- and C1- (entry 3) also leads to 1 is 
somewhat unexpected. It suggests that under slow growth 
conditions, such as low current density and with no extra 
chemical oxidant (or Cu(I1) impurity), the growth of su- 
perconducting 1 is favored. This result is consistent with 
the presence of unfavorable strain in compound 2 (vide 
supra). Entries 4 and 5 were designed to test the effect 
of excess C1-. Semiconducting 2 is mostly eliminated under 
these conditions but a second nonsuperconducting phase 
contaminant, 3, a'-(ET),CuCl,, f o r m ~ . ' ~ J ~  Entry 6 is a 
modified route with 0.5 equiv of C1- added with respect 
to CuCl to reduce the CuCl; Concentration, and compound 
1 is formed exclusively. In fact, the largest crystal of 1 (2.3 
X 1.8 X 0.6 mm3) was grown in a moderate time period 
under these conditions (entry 6). Finally compound 2 can 

(15) ESR measurements were carried out on an IBM ER-200 spec- 
trometer with 9.5 GHz microwave frequency (X-band) and a TEIo2 rec- 
tangular cavity. 

(16) On the basis of the weight lost, the solvated product corresponds 
to CU[N(CN)~](CH&N) which readily loses acetonitrile in air. Cu[N(C- 
N)2] waa verified from satisfactory elemental analyses. 

(17) ET was purchased from Strem Chemicals, Inc.; CuCl(99.995%) 
and N(hexyl),Cl (reagent grade and recrystallized from ethyl acetate) 
were from Aldrich Chemical Co., Inc.; PPh,[N(CN),] was prepared ac- 
cording to: Kbhler, H.; Liechko, T. P.; Hartung, H.; Golub, A. M. 2. 
Anorg. Allg. Chem. 1974, 403, 35. 

(18) Geiaer, U.; Wang, H. H.; Hammond, C. E.; Firestone, M. A.; Beno, 
M. A,; Carlson, K. D.; Nuiiez, L.; Williams, J. M. Acta Crystallogr. 1987, 
C43, 656. 

(19) Obertelli, S. D.; Friend, R. H.; Talham, D. R.; Kurmoo, M.; Day, 
P. J. Phys.: Condens. Matter 1989, 1, 5671. 
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as it leads to a second nonsuperconducting product,18J9 
a'-(ET),CuCl,. 
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Thin films of organic or polymeric materials with large 
second-order optical nonlinearities have been developed 
because of their potential use in communication and op- 
tical signal The second-order nonlinearities 
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