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Charge Density Studies below Liquid Nitrogen Temperature: X-ray Analysis of
p-Nitropyridine N-Oxide at 30 K
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The structure of p-nitropyridine N-oxide has been redetermined at both 30 and 300K. Data were
collected in a step-scan mode and intensities obtained through profile-analysis. The b axis, which is
normal to the molecular planes, contracts considerably on cooling, and thermal parameters decrease
by a factor of about six, in agreement with predictions based on a simple harmonic model. The orien-
tation of the thermal ellipsoids is essentially the same at both temperatures. Comparison of bond
lengths at the two temperatures clearly demonstrates the necessity of a bond-length correction for
shortening due to thermal motion. Bond lengths agree well after correction according to a rigid-body
model. Difference densities were calculated with positional parameters and hydrogen thermal param-
eters from an independent low-temperature neutron study. Densities calculated with data cut-offs of
sin 6/2=0-65, 0-75, and 1 A -1 indicate an appreciable increase in noise level on inclusion of high-order
reflections. The height of the lone-pair density increases with data cut-off while the densities in the
bond regions are much less affected, thus confirming the hypothesis that the lone-pair electrons
contribute to high-order scattering. Similarly, difference maps based on a high order X-ray refinement

(sin 6/4>0-75 A~1) underestimated the density in the lone-pair regions.

Introduction

Several earlier charge density studies of molecular
crystals have clearly indicated the desirability of
performing the necessary diffraction experiments at
reduced temperatures (Verschoor & Keulen, 1971;
Coppens & Vos, 1971; Coppens, 1974). Though the
effect of thermal averaging on the density is becoming
better understood in a quantitative sense (Coulson &
Thomas, 1971; Ruysink & Vos, 1974; Coppens,
1975), reduction of the thermal smearing of the rest
density and the corresponding increase in thermal
resolution remain of considerable importance. Of
particular interest is the measurable intensity of high-
order reflections at low temperature, and the cor-
responding possibility of calculating difference den-
sities based on parameters from a high-order X-ray
refinement. A parallel neutron-diffraction study would
not be necessary, if the high-order intensities were
truly independent of the charge density rearrangement
upon molecule formation.

Equipment for single-crystal diffraction studies
down to liquid-helium temperatures has been devel-
oped and applied in a series of structure determina-
tions (Coppens, Ross, Blessing, Cooper, Larsen,
Leipoldt, Rees & Leonard, 1974). This report de-
scribes its first application to charge density deter-
mination by diffraction methods.
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The molecule of p-nitropyridine N-oxide was select™
ed because of its relatively simple orthorhombic
structure (Eichhorn, 1956), the chemically interesting
polar N-O bond, which is formulated as N — O in
the lowest valence bond resonance structure, and
the presence of low-frequency molecular motions,
which lead to large thermal parameters at room
temperature.

The study consists of both a room-temperature
(300 K) and a low-temperature (30 K) X-ray study. A
parallel series of neutron measurements at 30 K has
not yet yielded reliable thermal parameters (Ross &
Williams, 1973), owing to difficulties with the neutron
diffraction liquid-helium equipment.|| In the present
study the neutron positional parameters are compared
with X-ray results and used in the calculation of dif-
ference density maps.

Experimental

Crystals were grown as described by Eichhorn (1956).
Data were collected on an automated Picker four-
circle diffractometer with Mo K« radiation. The X-ray
cryostat allows a temperature stability of 0-1°. The
data set was collected on a capillary-enclosed crystal of
0-25 mm average diameter. The internal consistency
indices between symmetry-related reflections (anal-
ogous to the agreement indices between observed and
calculated structure factors) are, for the liquid helium
data, R(F*)=2-5% [1-1% for the 665 strongest re-
flections with F?/g(F?)>50], and, for the room tem-

Il Note added in proof:— A low-temperature neutron diffrac-
tion study has now been completed and is desribed in an ar-
ticle to be submitted to Acta Cryst. (P. Coppens & M. S. Leh-
mann).
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perature data, 4-0% [1-7% for the 226 strongest
reflections with F2/a(F?) > 50]. For each reflection the
full profile of a 6-20 step scan was recorded and
analyzed with a procedure described elsewhere (Bles-
sing, Coppens & Becker, 1974). The two symmetry-
related data sets were averaged after application of
Lorentz—polarization and absorption corrections.
The largest contraction on cooling is observed in the
b axis direction, which corresponds to the normal to
the molecular planes (see Table 1).

Table 1. Crystal data

Space group Pnma (C); Z=4; u=1-489 cm~' (Mo K« radia-
tion A=0-71069 A)

298 K 160 K 30K
(X-ray) (X-ray) (X-ray)
a 12:530 (5) 12-517 12:498 (6)
b 6:010 (2) 5914 5-814 (2)
¢ 7-899 (4) 7-875 7-824 (2)
V(A% 594-84 582-95 568-52
dx 1-564 1-:596 1-637
(sin 6/A)max 076 — 1-0
Number of
unique reflections 1162 — 2201
Refinement
X-ray data

The function minimized in the refinements of both
sets of X-ray data is >w(F:—kF?) in which the
weight w is defined by o¢?=1/w=c?%counting)+
(0-02F?)%. Scattering factors used are as published in
International Tables for X-ray Crystallography for C,
N and O and as given by Stewart, Davidson & Simp-
son for H (1965). A separate high-order refinement
(sin @/A>075 A-1) was performed on the low-
temperature data set. Positional and thermal param-
eters and final agreement indices are listed in Tables 2
and 3.* It is of interest to note that the estimated
standard deviations are lower by a factor 2-3 at 30 K.

* A list of structure factors has been deposited with the
British Library Lending Division as Supplementary Publication
No. SUP 31231 (14 pp., | microfiche). Copies may be obtained
through The Executive Secretary, International Union of
Crystallography, 13 White Friars, Chester CH1 1NZ, England.

Table 2. Atomic fractional coordinates ( x 10*) and
thermal parameters (A% x 10%)

The temperature factor is of the form
exp [—2r2( Uy a*?h? + Upb*2k? + Ussc*21* —2Usa*c*hl)] .

30K

30K (neutron)

(X-ray (Ross &

298 K 30K sin §/A  Williams,
(X-ray) (X-ray) >0-75) 1973)

o) «x 1360 (1) 1308 (1) 1310 (1) 1308 (5)
z 8068 (2) 8064 (1) 8061 (1) 8055 (9)
0@ x  3872(2) 3881(1) 3881 (1) 3881 (5)
z 1359 (2) 1331 (1)  1334(1) 1347 (8)
03) «x 5166 (1)  5179(1)  5177(1) 5172 (5
z 3156 (2) 3183 (1) 3181 (1) 3186 (8)

N(4)
N(5)
C(6)
()
C@®)
C(©)
C(10)
H(C6)
H(CT)
H(C8)
H(C10)

o)

0(2)

0@3)

N(4)

N(5)

C(6)

()

(o))

o)

C(10)

H(C6)
H(C7)
H(C9)
H(C10)

Nox N X NXNXNXNXNXNXNXNXNX

Table 2 (cont.)

2030 (1)
6815 (3)
4213 (2)
2812 (2)
3096 (2)
7137 (3)
3823 (2)
5855 (3)
3457 (2)
4208 (3)
2374 (2)
3872 (3)
1678 (2)
5181 (3)
3272 (16)
8232 (26)
4564 (20)
6122 (28)
2170 (19)
2759 (30)
918 (17)
5055 (24)

1993 (1)
6819 (1)
4220 (1)
2815 (1)
3065 (1)
7172 (1)
3813 (1)
5879 (1)
3448 (1)
4206 (1)
2364 (1)
3831 (1)
1644 (1)
5162 (1)
3226 (13)
8364 (19)
4600 (13)
6172 (19)
2117 (12)
2657 (19)
894 (12)
4999 (18)

298 K

494 (10)
657 (13)
581 (11)
242 (10)
706 (13)
764 (14)
357 (10)
32 (9)
326 (9)
1048 (16)
680 (13)
126 (9)
325 (10)
413 (13)
466 (13)
93 (10)
426 (12)
480 (13)
424 (13)
56 (11)
378 (13)
456 (16)
317 (13)
—-37(12)
269 (11)
436 (15)
387 (13)
—60 (10)
282 (11)
362 (14)
335 (11)
39 (11)
355 (12)
414 (15)
358 (14)
—63 (11)
268 (12)
458 (17)
530 (15)
—34 (12)

291 (55)
531 (72)
489 (72)
433 (65)

1992 (1)
6820 (1)
4223 (1)
2811 (1)
3064 (1)
7172 (1)
3814 (1)
5881 (1)
3449 (1)
4205 (1)
2364 (1)
3829 (1)
1640 (1)
5165 (1)

30 K

70 (4)
114 (3)
82 (3)
48 (2)
107 (4)
112 (3)
52 (2)
~10 (3)
39 (3)
151 (3)
109 (3)
0(3)
55 (4)
64 (3)
63 (3)
14 (3)
61 (4)
70 (3)
68 (3)
8 (3)
54 (4)
82 (3)
58 (3)
-11 (3)
52 (4)
79 (3)
62 (3)
-93)
52 (4)
71 (3)
58 (3)
15 (3)
56 (4)
75 (4)
62 (3)
—5(3)
50 (4)
85 (4)
73 (3)
—-8()

63 (35)
70 (39)
119 (39)
71 (36)
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1991 (3)
6821 (5)
4224 (3)
2811 (5)
3062 (4)
7173 (7)
3815 (4)
5880 (7)
3450 (4)
4205 (7)
2363 (4)
3826 (7)
1642 (4)
5159 (7)
3266 (8)
8521 (14)
4655 (9)
6184 (16)
2066 (9)
2531 (13)
769 (9)
4979 (16)

30K
(high-
order)

65 (5)
111 (3)
82 (2)
35 (2)
97 (5)
120 (3)
57 (2)
—4)
51 (5)
152 (3)
96 (3)
9(2)
43 (4)
72 (3)
65 (2)
13 (2)
55 (5)
75 (3)
61 (2)
70)
62 (5)
85 (3)
59 (3)
-2(Q2)
52 (5)
88 (3)
58 (3)
-5
56 (5)
74 (3)
56 (3)
6 (2)
47 (5)
80 (3)
67 (3)
-2Q)
56 (5)
86 (3)
70 (3)
2(2)
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Table 2 (cont.)

30 K (neutron)
(Ross & Williams,

1973)
H(C6) Uy, 208 (21)
Us, 300 (30)
Uss 204 (26)
Ups —12(8)
H(CT) Uy 156 (22)
Us» 511 (42)
Uss 192 (30)
Uss -9 (10)
H(C9) Un 269 (25)
Uss 408 (34)
Uss 73 (24)
Uss —67(16)
H(C10) Ui 123 (18)
Us 374 (37)
Uss 297 (30)
Us -22(22)

Table 3. Agreement indices of least-squares

refinement
298 K 30K

k (scale factor) 3-287 (10) 4-032 (8)
g (isotropic extinction

coefficient) 0-065x 10~* 011 x10-*
N, [number of reflections with

F1>30(F2%)] 512 1422
N (number of variables) 74 74
S=[ZW(FD_F0)Z/N0—N:;]”2 1623 1916
R=(|Fo— FJ}/SFY)'? 0-035 0-036
Rw=(Sw|F,— F}| SwF3)'* 0-032 0-038
R(FH=I[>\Fi- F3l|SFy'? 0-033 0-053
Rw(F?)=[Sw|F}—F3/>wF3'* 0-063 0-076

Molecular structure and asphericity shifts

As found earlier by Eichhorn (1956), the molecules are
planar and located in the mirror planes at y=% and
y=3. The correction for apparent bond shortening
due to thermal vibrations, applied on the basis of the
rigid-body TLS analysis (Schomaker & Trueblood,

X-RAY ANALYSIS OF p-NITROPYRIDINE N-OXIDE AT 30K

1968), is very small at 30 K, but appreciable at room
temperature (Table 4). The agreement between the
two sets of results is satisfactory except for the C(6)-
C(7) and C(9)-C(10) bonds (see Fig. 1 for numbering
of atoms) which appear either undercorrected or sys-
tematically shortened at room temperature. Never-
theless, the comparison clearly demonstrates the

Fig. 1. Atom numbering, and bond lengths and angles at 30 K
(cf. Table 4). Bond lengths and angles from the neutron
diffraction study are given in parentheses.

Table 4. Bond lengths

30K
Neutron
30K bond lengths 300K
X-ray (Ross & Williams, 1973) X-ray
Uncorrected Corrected Uncorrected Uncorrected Corrected

O(1)—N@®) 1-297 (1) 1-297 1-288 1-298 (2) 1-304
O(2)—N(5) 1236 (1) 1-237 1-222 1-224 (3) 1-233
0@3)—N(5) 1-233 (1) 1-:234 1-219 1-225 (3) 1-236
N(4)—C(6) 1-368 (2) 1-370 1-366 1-360 (3) 1-372
N(4)—C(10) 1-368 (1) 1:369 1-371 1-364 (3) 1-373
N(5)—C(8) 1:454 (1) 1-455 1-458 1-453 (3) 1-460
C(6)—C(N) 1-378 (2) 1-378 1-381 1-362 (3) 1-369
C(NH—C(8) 1:387 (1) 1-388 1-388 1-380 (3) 1-389
C(8)—C(9) 1-386 (2) 1-388 1-389 1-383 (3) 1-395
C(9H)—C(10) 1-375 (2) 1-376 1:378 1-353 (3) 1-359
C(6)—H(C6) 095 (1) 1-085 089 (2)
C(H—H(CT) 1-:01 2) 1076 095 (2)
C(9)—H(C9) 0-97 (1) 1-079 092 (2)
C(10)-H(C10) 095 (1) 1-099 0:96 (2)
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necessity of the bond-length correction. The C-C
bonds parallel to the molecular axis are slightly shorter
than other C-C ring bonds, as has been generally
observed in aromatic compounds with para substit-

®

Fig. 2. 50% probability thermal ellipsoids from the X-ray
refinements (a) at 300 K, () at 30 K. Hydrogen atoms were
refined isotropically.
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uents, indicating a contribution of quinoid resonance
structures. However, the shortening (to-/=1-377 A)
is much smaller than reported earlier [/=1:337 A
(Eichhorn, 1956)]. Other features are similar to those
observed earlier in aromatic nitro compounds and will
not be discussed further here (see, e.g., Coppens &
Schmidt, 1965; Holden & Dickinson, 1969). The
nitroxide N-O distance [1:297 (1) at 30 K; 1-298 (2) A
at 300 K before correction for thermal shortening] is
within the range of those reported earlier for pyridine
N-oxide [X-ray diffraction /=133, 1-37 A (Ulku,
Huddle & Morrow, 1971); microwave spectroscopy
1=1-278(1) A (Snerling, Nielsen, Nygaard, Pedersen &
Sgrensen, 1975); gas phase electron diffraction /=1-290
(15) A (Chang, 1974)].

The neutron C-C and C-N bond lengths (Ross &
Williams, 1973) agree well with X-ray values, but
systematic discrepancies are observed for C-H and
N-O bonds (Table 4). Both effects may be attributed
to the shortcomings of the spherical-atom formalism
in the least-squares X-ray refinement. An analysis of
the positional parameters reveals shifts between 0-007
and 0-013 A for the X-ray positions of N(5), O(1),
O(2) and O(3), the O atoms being shifted towards the
lone-pair density while the nitro-group N is displaced
into the C-N bond. The size of these shifts is as
observed in other studies (Coppens, 1974) and indicates
the dominant effect of low-order reflections even in a
refinement including a large number of high-order
data. It is of interest that while the shifts are reduced
in the high-order refinement (sin 6/A>075 A-1,
Table 2), systematic discrepancies persist for the four
affected atoms, suggesting a persistence of valence-
electron scattering beyond 0-75 A~, This is confirmed
by the electron density maps discussed below.

Thermal motion

Atomic temperature parameters (U,;) from the X-ray
measurements at 300 K and 30 K are listed in Table 2.
Equivalent B values at 30 K are 0-5-0-8 A2 so that

Table 5. Results of thermal motion analysis

30K

(34U [(m— )] 0-0015 A?

300 K
0-0046 A?

Eigen- Direction cosines Eigen- Direction cosines
values (relative to inertial axes) values (relative to inertial axes)
L (radian?) 0-0020 (7) 09847 —0-1742 0-0000 0-0130 (24) 09786 —0-2050 00
0-0006 (1) 0-0 0-0 -10 0-0047 (4) 0-0 00 -1-0
0-0006 (1) 0-1742 09847 —-00 0-0046 (4) 0-2060 0-9786 0-0
T (A? 0-0057 (4) 09370 —0-3495 0-0 0-0358 (15) 09183 —0-3960 00
0-0049 (6) 0-0 0-0 —-10 0-0250 (20) 0-3960 0-9783 0-0
0-0043 (9) 0:3493 0-9370 0-0 0-0249 (33) 00 0-0 1-0
S : S1:=0:0001 (1), S,3=—0-0001 (1) S13=0-0012 (4), Sz3=—0-0009 (2)

Transformation matrix from crystal axes to inertial axes of unit length

Low temperature

—5-8533
—5-1917

8:2932 0-0
9-:3500 00
0-0 —5-8140

AC32B-16

Room temperature

8-1856 0-0 - 5-8804
9-4866 00 5-1603
0-0 —6-010 0-0
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at 30 K the soft organic crystal is being studied under
conditions typical for a mineral at room temperature.
The temperature parameters are typically reduced by a
factor of six on cooling to 30 K, though the directions
of the principal axes of the vibration tensors are gener-
ally unaffected (Fig. 2). This is also evident from the
rigid-body thermal motion analysis (Table 5), which
shows the main libration to be around the long axis
of the molecule, while the translations are much more
isotropic. The anisotropy of the librational motion is
due to the moment of inertia around the long axis
being 5-6 times smaller than the moments around the
other two inertial axes.

It is of interest to examine how well the reduction in
thermal motion agrees with a simple harmonic model
represented by the expression

), (6*)=h4n*Iv}~[0-5+ {exp (hv/kT)—1}"1]

where I is the molecular mass or the moment of
inertia, and (#*) and (#*) are the mean square am-
plitudes in cm? and radians squared for translational
vibrations and librations, respectively.

Plots of the frequency against mean square dis-
placement at both 30 and 300 K are shown in Fig. 3.
Within the errors of the experimental T and L values,
agreement between calculated harmonic frequencies
at the two temperatures is rather good. The large
libration around the long axis of the molecule corre-
sponds, for example, to frequencies of 18-24 cm™!
based on the 30 K results, and 21-24 cm~! for the
300 K data (the range corresponds to one standard
deviation of the T and L values). The only apparent
discrepancy occurs for the frequency of the T, trans-
lation along the normal to the molecular plane, which
corresponds to v=41-46 cm~! at 300 K and v=32-37
cm™! at 30 K. This difference would be larger if the
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low-temperature analysis were based on the high-
order U;; values, since high-order U,, vibrational
parameters tend to be larger than the full data param-
eters by 0-15% (Table 2). A similar effect cannot be
observed at room temperature where high-order
reflections are unobservable. It would, however, be
less important relative to the larger U;; values. Even
for the T,, frequencies, the differences are not large
considering the standard deviations, and it may be
concluded that the ratio of the r.m.s. amplitudes at
the two temperatures is described adequately by the
harmonic model.

Valence and deformation densities

The valence density in the molecular plane, shown in
Fig. 4, is obtained by subtracting Hartree~Fock core
electron densities for the neutral C, N and O atoms
using scattering factors given by Fukamachi (1971).
Both in the valence map and in the deformation
density maps discussed below, high-order (sin /1>
0-75 A-Y) X-ray thermal parameters were used for
C, N and O; all positional parameters and H thermal
parameters were taken from the neutron results.
Because of the use of X-ray thermal parameters the
X-N maps given here are not free of bias owing to
errors in the scattering model, especially in the regions
around the O atoms.

The valence density shows distinct peaks at the O
and N atoms while the C valence electrons are strongly
smeared into the bonding regions. The valence map is
qualitatively similar to those of glycylglycine (Griffin &
Coppens, 1975) and uracil (Stewart, 1968).

In the deformation densities (Figs. 5 and 6) neutral
spherical atoms are subtracted from the observed
density. In earlier room-temperature work evidence

2 LIBRATIONS,
<g>
RADIANZ LONG AXIS OF MOLEQULE 201
0201
30° K
A5
.015"'
18-24
cm™!
dor
010,
.O!ii-
05 1 1 — I 1 1
0 2 30 49 0 v— 10 5 60 v—
(em™)
© (d)

Fig. 3. Mean square amplitudes as a function of frequency according to the simple harmonic model for which the equation is
given in the text; () for translational vibrations of a molecule with the mass of p-nitropyridine N-oxide at 30 K; (b) as (a) at
300 K; (¢) for librational motion around the long axis of the molecule at 30 K; (d) as (c¢) at 300 K. Vertical bars indicate

experimental T and L values within one standard deviation.
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was obtained for the persistence of the lone-pair
scattering into the high-order region (Becker, Coppens
& Ross, 1973). It is therefore of interest to examine
the effect on the lone-pair peak heights in the present
study in which an unusually large number of high-
order reflections are available.

The three deformation density maps with maximum
sin 6/ values of 0-65, 0-75, and 1-0 A~! (full data) are
shown in Fig. 5. As the scale factor was practically

Fig. 4. Valence density in the plane of the molecule (at 30 K).
Contours at 0-5 e A3, negative contours dotted. The density
at the center of the ring is slightly negative.

(a)

577

independent of the data cut-off in the X-ray refinement,
the full data value was used in all maps. It is evident
that the height of the lone-pair features on the O atoms
increases with data cut-off, the lone-pair peaks in the
full-data Fourier map being almost twice as high as in
the low-angle function. The change in the bond
density is much less pronounced, as would be expected
on the basis of considerations given earlier (Becker,
Coppens & Ross, 1973; Coppens, 1969). Unfor-
tunately, the full data maps have an unusually high
noise level in areas away from the bonding and lone-
pair regions. To examine if this might result from the
inclusion of a large number of weak high-order
reflections, the summation was repeated using only
reflections with F>60(F). As this second map is
quite similar to the one shown in Fig. S, the noisy
appearance is probably due to the relative tack of
precision in the high-order data. More information
on this effect can be obtained when reliable neutron
thermal parameters become available.

Further features to be noted are the low values of
peak heights in the terminal N-O bonds (attributed to
the use of high-order X-ray rather than neutron
thermal parameters) and the differences in C-C bond
peak heights in the aromatic ring, which are larger in
the bonds adjacent to the nitro group. A section
perpendicular to the ring bonds which are parallel to
the molecule’s long axis shows an extension perpen-
dicular to the molecular plane indicative of n-character
of the bonds. A comparable but less pronounced effect
is apparent in the other cyclic C-C bonds. Similar
observations have been made in a number of other
compounds [e.g., sym-triazine (Coppens, 1967); tetra-
cyanoethylene (Becker, Coppens & Ross, 1973), and
a series of hydrocarbons (Irngartinger, Leiserowitz &
Schmidt, 1970)].

Finally, the X-X map based entirely on high-order
X-ray parameters for C, N, O and on neutron param-
eters for H, and including all data with sin /4> 0-75

v Q‘(_;f— L/,_;/\ =~ ‘?
OZ_/Z{/) @ (5

;
DA\

Fig. 5. X-N maps (at 30 K) obtained with high-order X-ray thermal parameters for C, N and O. Data cut-off of (a) 0-65 A-1,
(6) 0-75 A1, (¢) full data. Contour interval 0-1 ¢ A3, negative contours dotted.

A C32B- 16*
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A-! is shown in Fig. 6. This map differs from the
X-N map, Fig. 5(b), mainly in the lone-pair and ter-
minal bond regions. The differences are due to the
asphericity shifts discussed earlier which represent
significant discrepancies between X-ray and neutron
positional parameters. The implication is that, even
with a high-order X-ray refinement with data of
sin /4>0-75 A%, no reliable estimate of the lone-
pair density can be obtained. The situation is much
more favorable for the bond regions were X-ray
measurements appear adequate, provided hydrogen
parameters can be deduced from other information.

Conclusions

The comparison of the difference density maps strongly
suggests that high-order refinements with data at
sin 8/A=0-65-1-0 A~ or 0-75-1-0 A-! do not lead
to completely unbiased estimates of the atomic po-
sitional and thermal parameters. Additional studies,
possibly with Ag Ko radiation, are needed to investi-
gate refinements with data beyond 1 A-!. The weak-
ness of the X-ray scattering in this region, even at low
temperatures, raises experimental problems which
need further investigation. Thus, the present X-X
difference densities are not a satisfactory substitute for
X-N densities obtained by a combination of X-ray
and neutron diffraction, especially in the regions of the
lone pair electrons. However, X-ray data appear
sufficient for a qualitative study of the density in the
bonds between atoms.

Support of this work by the National Science
Foundation is gratefully acknowledged. We are
grateful to Dr William F. Cooper for his help during
the liquid-helium data collection experiment.
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