
Fig. 3. Mott-Smith distribution and experiment 
(ii = 0.285), illustrating failure to account for 
scattered molecules. Refer to Fig. 2a for DSMC 
technique comparison to the sane results. 

tions in Fig. 2 exhibit qualitatively unmis- 
takable bimodal forms that have not been 
observed directly in any other study. Such a 
form was originally hypothesized by Mott- 
Smith (7). The distributions predicted by 
the DSMC technique are quantitatively rep- 
resentative of the observed distributions. On 
the other hand, there is an obvious quantita- 
tive difference between the observations and 
the Mott-Smith distribution in Fig. 3, 
which is caused by the presence in the 
experimental results of a large population of 
scattered molecules with velocities interme- 
diate between those of the upstream and 
those of the downstream equilibrium distri- 
butions. The comparison shown in Fig. 3 is 
typical of the quantitative relationship be- 
tween the experiments and the Mott-Smith 
distributions for all of the positions in the 
shock for which data are available. Predic- 
tions of the shock wave distribution func- 
tions from numerical solutions of the Boltz- 
mann equation due to Yen and Ng (19) also 
exhibit a bimodal structure that, although 
not directly comparable to the M = 25 
results, appears qualitatively similar to the 
distributions measured in the experiments. 

We believe that the distribution function 
measurements described here show that for 
monatomic gas flows with only elastic bina- 
ry collisions, the DSMC technique provides 
an accurate quantitative prediction of the 
molecular motion in highly nonequilibrium 
gas flows. Because the scattered component 
of the molecular motion was particularly 
well isolated by the extreme simplification of 
the upstream distribution function, the 
quantitative agreement between experiment 
and prediction represents an important, de- 
tailed test of the prediction technique. 
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Synthesis of Organic Salts with Large Second-Order 
Optical Nonlinearities 

A series of organic salts, in which the cation has been designed to have a large 
molecular hyperpolarizability, has been prepared. Variation of the counterion (anion) 
in many cases leads to materials with large powder second harmonic generation 
efficiencies, the highest of which is roughly 1000 times that of a urea reference. 

THE DESIRE TO UTILIZE NONLINEAR 

optical (NLO) properties of materi- 
als in applications such as telecom- 

munications, optical data storage, and opti- 
cal information processing has created a 
need for new materials with very large sec- 
ond-order susceptibilities [X(21] (1-3). It is 
well established that IT donor-acceptor com- 
pounds with their large differences between 
ground-state and excited-state dipole mo-
Lents as well as large transition dipole mo- 
ments can exhibit large molecular second- 
order optical nonlinearities (4). It is impera- 
tive that the nonlinear molecules reside in a 
noncentrosymmetric environment if the mo- 
lecular hyperpolarizability (P) is to lead to 
an observable bulk effect [X(2)]. Roughly 
75% of all organic molecules crystallize in 
centrosymmetric space groups, leading to 
materials with vanishing X ( 2 )  ( 5 ) .Strategies 
used to overcome this major obstacle in- 
clude the use of chiral molecules (6), the 
incorporation of functional groups that en- 
courage asymmetric interm6lecular hydro- 
gen bonding (6, 7), the synthesis of mole- 
cules with very small ground-state dipole 
moments but larger excited-state mo-
merits (4, and the incorporation of the 
chromO~hOreinto (9) and inorganic 
hosts (10). In addition to these approaches, 

it is possible to orient the NLO active 
molecule in a glassy polymer matrix (11). 

We present evidence that variation of 
counterions in organic salts is a simple and 
highly successful approach to creating ma- 
terials with very large X(21. Meredith dem- 
onstrated that (CH3)2NC6H4 -CH= C H  -
C5H4N(CH3)+CH3S04-has a second har- 
monic generation (SHG) efficiency that is 
roughly 220 times that of urea (for a h d a -  
mental wavelength h = 1907 nm) (12), 
which until recently (13) was the largest 
powder SHG efficiency reported. He  sug- 
gested that in salts coulombic interactions 
u 

could override the deleterious dipolar inter- 
actions that provide a strong driving force 
for centrosymmetric crystallization in cova- 
lent compounds (12). The use of ionic com- 
pounds further improves one's chances of 
achieving a noncentrosymmetric crystal 
structure because, in addition to the ratio- 
nale described above, the counterions both 
separate and screen the dipolar chromo-
phores from one another, thus reducing the 
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undesirable dipole-dipole interactions. 
In studying the role of organometallic 

compounds in nonlinear optics (I#), we have 
found that (CSH5)Fe(CSH4)-C H=CH-
C5H4N(CH3)+IP has an SHG efficiency 
roughly 220 times that of urea (A = 1907 
nm) (15). Furthermore, we observed, as did 
Meredith (12), that the magnitude of the 
powder SHG signal was sensitive to the 
nature of the counterion. The large SHG 
efficiencies cited above and the ease of syn- 
thesis of many salts by counterion metathe- 
sis led us to study a series oforganic salts to 
determine whether the perturbation of crys- 
tal structure by counterion variation would, 
in effect, allow one to modify the packing of 
a given organic chromophore in the crystal. 

Accordingly, we synthesized a series of N- 
methyl-stilbazolium salts with various donor 
groups and various counterions. The com- 
pounds were characterized by proton nucle- 
ar magnetic resonance spectroscopy, ultravi- 
olet-visible spectroscopy, and elemental 
analysis (16). We examined 43 compounds 
with ten different chromophores (including 
the ferrocenyl compounds) by a modifica- 
tion of the Kurtz powder technique (17). 
We determined the powder SHG efficien- 
cies by using 1907-nm fundamental radia- 
tion (SH at 953.5 nm) to avoid absorption 
of the SH by the dark-colored salts. We 
obtained the 1907-nm light by Raman shift- 
ing (first Stokes line of H2) the 1064-nm 
output of a Q-switched Nd:yttrium-alumi- 
num-garnet laser. A dual beam system (a 
urea sample was used in the reference arm) 
was used to provide normalization of the 
SH signals for laser shot-to-shot fluctua- 

~ i g .1. Antipardel arrangement of molecular 
dipoles typical for a covalent compound (A), 
antiparallel arrangement of molecular dipoles for 
a salt (B), and parallel arrangement of molecular 

for a salt (C), 

tions. Pulse energies were in the range of 
100 to 500 pJ with spot sizes of 2 to 3 mm. 
The difisely backscattered SH signals were 
collected and isolated with filters and a 
monochromator. We detected the SH sig- 
nals by using photomultiplier tubes (Hama- 
matsu R406), whose outputs were ampli- 
fied and integrated with 10-ns gate widths. 
Samples were unsized microcrystalline pow- 
ders obtained by grinding. The broad distri- 
bution of particle sizes was estimated to 
span from about 40 to 150 pm. Given the 

pic ally uncharacterized particle sizes and 
the possibility of preferential orientation of 
particles in assembling the samples, the un- 
certainties in the measured efficiencies can 
be quite large, perhaps a factor of 2 or more. 

Table 1summarizes the data for the coun- 
terions BF4-, CF3S03-, C1- (18), and p- 
CH3C6H4SO3-. Many compounds in this 
series exhibit exceptionally large powder 
SHG efficiencies. For example, the yellow 

Table 1. Summary of powder SHG efficiencies for compounds of the form RCH=CHCS-
H4NCH3+X-. Values reported are SH intensities rclative to that of a urca powder standard (50- to 
100-pm particle size). The uppcr value given is for 1907-nm hndamental radiation, and the lowcr value 
is for 1064-nm fundamental radiation. 

4-BrC6H4- 0 0 1.7 22 
0 0.02 5.0 loo 

4-(CH3)ZNC6H4- 0 75, (12) 1000 O 
0 15 0 

4-(CH3)2NC6H4-CH=CH- -500 350 115 
5 4.2 5 

I1 AUGUST 1989 

I 1 

Fig. 2. Packing diagram for (CH3),NCa4-CH 
=CH-CSH4N(CH3)+p-CH3C6H4S03 viewed 
approximately along the b axls. 

compound CH30C& -CH= C H  -C5H.,N-
(CH3)+ C1- exhibits an efficiency roughly 
250 times that of the urea reference standard 
(A = 1064 nm), (CH3)2NC6H4-CH=CH 
- C H = C H - C 5 H 4 N ( C H 3 )  'CF3SO3-
has an efficiency 500 times that of the urea 
standard (A = 1907 nm), and (CH3)2NC6- 
H 4 - C H = C H - C 5 H 4 N ( C H 3 )  + C H 3 C 6 -  
H4SO3- gave a signal 1000 times that of the 
urea standard (A = 1907 nm). These data 
suggest that dipolar ionic compounds exhib- 
it a higher tendency to crystallize noncentro- 
symmetrically than do dipolar covalent com- 
pounds. There were more compounds that 
exhibit SHG efficiencies more than 50 times 
that of urea than those that exhibited SHG 
values less than 0.05 times that of urea 
(Table 1). The versatility of the approach is 
further underscored by the observation that 
of the ten chromophores discussed here 
eight could be isolated with a counterion 
that gave rise to an SHG efficiency more 
than 35 times that of urea. Whereas in 
covalent molecules one might expect an 
antiparallel alignment of rows of dipolar 
chromophores, it is reasonable to suggest 
that the counterions in the com~ounds dis- 
cussed here tend to align rows of the dipolar 
cations in a parallel manner so as to maxi- 
mize the Madelung stabilization (Fig. 1). 
The above argument must be tempered by 
the caveat that the ultimate orientation of 
molecules in a crystal lattice is governed by a 
delicate balance of steric and multipolar 
effects. 

In order to see if such alignments do oc- 
cur in dipolar ionic crystals, we determined 
the crystal structure of (CH3) 2NC6H4-CH 
=CH-C5H4N(CH3) 'p-CH3C6H4S03-
(19). This com~ound crvstallizes in the, r 

monoclinic space group Cc. The basic struc- 
ture illustrated in Fig. 2 is in accord with 
what one would predict on the basis of the 
reasoning described above. The anionic to- 

sylate is situated close to the pyridinium 
moiety and in effect serves to line up adja- 
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Flg. 3. Packing diagram for the same compound 
viewed approximately along the c axis (tosylate 
anions have been removed for clarity). 

cent rows of cationic chromophores in a 
parallel manner (Figs. 2 and 3). The perpen- 
dicular distance between chromophores 
within a stack is about 3.4 A, suggesting 
that the excellent alignment of the chromo- 
phores within a given row may be assisted 
by n-stacking. The only deviation f b m  a 
completely aligned system is the 20" angle 
between the long axis of the molec~des and 
the polar a axis of the crystal. In space group 
Cc the optimal angle for phase matching 
(20) is 35.3" between the charge-transfer 
axis of the nonlinear chromophore and the h 
axis of the crystal and, as such, the observed 
orientation is not well optimized for SHG, 
yet the powder efFiciencies are large. In any 
case, given this excellent alignmerit in the 
crystal, extremely large electro-optic coeffi- 
cients are expected (if the P,,, is along the 
charge-transfer axis, then 83% of P,,, is 
maintained along the polar n axis). 

Our results demonstrate that the organic 
"salt methodology" can be used to obtain 
materials with very large x('). Further, it has 
been shown that nonconventiorial donors 
such as Br- and the pyrenyl moiety can be 
incorporated into molecules that, in the 
correct crystallographic environment, exhib- 
it substantial bulk susceptibilities. We be- 
lieve that this study represents an important 
step in decoupling the design of desirable 
molecular properties (large molecular non-
linearity and transparency) from the dipolar 
orientational requirements of X ( 2 )  materials. 
If the counterion is covalently linked to the 
ionic chromophore, then many of the desir- 
able features of the "salt methodology" 
(large f3 and large dipole moment) can be 
used productively in an oriented polymer 
format. 
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Scandinavian, Siberian, and Arctic Ocean Glaciation: 
Effect of Holocene Atmospheric C 0 2  Variations 

A computer model of coupled ice sheet-ice shelf behavior was used to evaluate whether 
observed changes in atmospheric COz concentration could have caused the advance 
and retreat of Pleistocene ice sheets in the Eurasian Arctic. For COz concentrations 
below a threshold of approximately 250 parts per million, an extensive marine-based 
ice sheet covering Scandinavia, the Barents, Kara, and East Siberian seas, and parts of 
the Arctic Ocean developed in the model simulations. In the simulations, climatic 
warming associated with the Holocene rise of atmospheric COz was sufficient to 
collapse this widespread glaciation and restore present-day ice conditions. 

ICE CORE RECORDS SUGGEST THAT 

Pleistocene glacial episodes are associat- 
ed with significant depletion of C 0 2  in 

the atmosphere (1).The effect of this deple- 
tion on atmospheric temperature and water 
transport may account for the intensity and 
global synchronization of the glacial re-
sponse to orbital variations (2, .?), In an 
effort to test this hypothesis, we conducted 
computer simulations of ice-sheet behavior 
in the Eurasian Arctic under specific climatic 
conditions (4). Wc focused our study on the 
Eurasian Arctic because the grounding of ice 
on its broad continental shelves and the 
development of thick floating ice shelves 
offshore may have reorganized Arctic Ocean 
thermohaline circulation (5) .Under present 
conditions, sea-ice formation in the shallow 
seas of the Eurasian Arctic produces brine- 
enriched waters that drain into the deep and 

intermediate levels of the Arctic Ocean. 
Grounded ice-sheet expansion across these 
seas under glacial conditions would thus 
alter the thermohaline circulation and densi- 
ty stratification of the Arctic Ocean and the 
Norwegian and Greenland seas. These 
oceanographic consequences of Eurasian 
glaciation could account for decreased 
North Atlantic deep water production rates 
during the last glacial maximum (LGM) (6). 

Our model predicts the two-dimensional 
horizontal flow, mass balance, and three- 
dimensional temperature distribution of an 
ice sheet in response to specified atmospher- 
ic boundary conditions (surface accumula- 
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