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A Combined Experimental and Theoretical 1O NMR Study of Crystalline Urea: An
Example of Large Hydrogen-bonding Effects
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We report the first experimental determination of the carbdf@l electric-field-gradient (EFG) tensor and
chemical-shift (CS) tensor of a urea-type functional groupl R—C(O)—NHR,. Analysis of magic-angle
spinning (MAS) and stationary’O NMR spectra of crystalline![O]Jurea yields not only the principal
components of the carbonylO EFG and CS tensors, but also their relative orientations. The carb@nyl
quadrupole coupling constant (QCC) and the asymmetry paramgtar ¢rystalline urea were found to be
7.244+ 0.01 MHz and 0.92, respectively. The principal components of#9eCS tensor were determined:

011 = 300+ 5, d2; = 280 + 5 andds3 = 20 + 5 ppm. The direction with the least shielding, is
perpendicular to the €0 bond and the principal component corresponding to the largest shiefdinds
perpendicular to the NC(O)—N plane. The observetO CS tensor suggests that, in crystalline urea, the
170 paramagnetic shielding contributions from the> z* and &= — ¢* mixing are greater than that from the

n— s* mixing. Quantum chemical calculations revealed very large intermolecular H-bonding effects on the
70 NMR tensors. It is demonstrated that inclusion of a complete intermolecular H-bonding network is necessary
in order to obtain reliablé’0 EFG and CS tensors. B3LYP/D95** and B3LYP/6-31:£G** calculations

with a molecular cluster containing 7 urea molecules yield@dNMR tensors in reasonably good agreement
with the experimental data.

Introduction e.g., G:C and A:U base pairing. Therefore, it is of fundamental
significance to characterize tAé0 EFG tensor and CS tensor
for this type of functional group. We chose to study crystalline
urea for several reasons. First, urea is the simplest form of the
urea-type functional group ¢R= R, = H) and is also one of
the simplest biological molecules. Second, the crystal structure
of urea has been accurately determined by both X-ray and
neutron diffraction studie¥ 3% Third, crystalline urea exhibits
unigue hydrogen-bonding features, and is an ideal system for
investigating the influence of hydrogen bonding'6® NMR
ytensors.f The urea crystals form a tetragonal lattice with the space
groupP42;m.33-35 The urea molecule lies in a special position
where the molecular point symmetmn(?2) is fully utilized. In

the crystal lattice, the urea molecules are linked together by
two hydrogen bonds in a “head-to-tail” fashion forming infinite
ribbons along the crystallographic axis. The neighboring
ribbons are mutually orthogonal to one another; see Figure 1.
Each oxygen atom of the urea molecule is directly involved in
four C=0---H—N hydrogen bonds, two between the neighbor-
ing molecules in the same ribbon and the other two between
the molecules from the two adjacent ribbons. This is the only
example of a carbonyl oxygen atom which accepts four
hydrogen bonds. Furthermore, since the urea molecule can serve
both as a hydrogen bond donor (through-N) and as an
acceptor (through €0), each urea molecule is directly
hydrogen bonded to six surrounding urea molecules. Such
unigue hydrogen-bonding features of crystalline urea provide
one with an ideal system for studying the influence of hydrogen
bonding on'’O EFG and CS tensors for a urea-type functional
group. In this contribution, we report both experimental deter-
mination and quantum chemical calculations of #® EFG
tensor and CS tensor for crystallin€Q]urea.

Hydrogen bonding is a crucial element in the three-
dimensional structures of biological systems such as proteins
and nucleic acid$.Nuclear magnetic resonance (NMR) spec-
troscopy is among the most important and versatile techniques
for studying hydrogen-bonding phenomen4One of the most
exciting recent developments involves direct observation of
indirect spin-spin () coupling constants across a hydrogen
bond in nucleic acids and proteifis’ In recent years, solid-
state NMR has also emerged as a useful technique in the stud
of hydrogen bonded systerfis!?

Among the elements that are often directly involved in a
hydrogen bond, H, C, N and GO (spin= %, and natural
abundance= 0.037%) NMR is far less common than NMR
studies of!H, 13C and >N nuclei. Although a considerable
amount of literature on solutiodO NMR has been accumulated
over the past 50 yeats; 1 relatively little is known about the
170 electric-field-gradient (EFGensorand chemical shielding
(CS)tensorin organic and biological compounds. This is partly
due to the experimental difficulties in measuring these second-
rank tensors for quadrupoldO nuclei. Nevertheless, the
pioneering studies by Oldfield and co-worki&rg® and by Ando
and co-worker®-28 have demonstrated the usefulness of solid-
statel’0O NMR in the study of a variety of systems including
biologically relevant molecules. Recently, we reported the
experimental determination and quantum chemical calculation
of 170 EFG and CS tensors for a number of important functional
groups?*-31 However, to the best of our knowledge, no data
are available in the literature concerning the carbdfIEFG
and CS tensors in a urea-type functional groupNIR—C(O)—
NHR,. The urea-type carbonyl oxygen is common in nucleic
acid bases such as thymine (T), uracil (U) and cytosine (C).
Base pairing often involves a urea-type carbonyl oxygen atom, experimental Section
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Figure 1. Crystal lattice of urea viewed along tioeaxis. Figure 2. Calculated and experimentdD MAS spectra of crystalline

[*"O]urea.
SCHEME 1

whereQ is the nuclear quadrupole moment of tH® nucleus

ﬁ (in units of frr?, 1 fm2 = 10739 m?) and the coefficient of 2.3496
/C\ arises from unit conversion.
H,N NH, In NMR experiments, the frequency of a NMR signal is
determined relative to that arising from a standard sample. This
Urea relative quantity is known as the chemical shift,In the case

of 170 NMR, the signal from a liquid KD sample is used as
55 mg H!’O were mixed and diluted with 0.6 mL anhydrous the chemical shift referencé(H,0,liq) = 0 ppm. Since quan-
dioxane. After saturated with dry HCI at’C, the solution was  tum chemical calculations yield absolute chemical shielding val-
sealed and heated at 80 for 60 h (the reaction was traced by ues, o, one must establish the absolute shielding scale for a
70 NMR). Upon removal of the solvent, the solids were particular nucleus in order to make direct comparison between
dissolved in water. Thel[OJurea/HCI aqueous solution was calculated results and experimental data. Fornuclei, an ac-
obtained by filtering off the insoluble byproduct. A strong base curate absolute shielding scale was suggested by Wasylishen
resin, Amberite IRA-410, was used as a scavenger to removeand co-workers$? We used the following equation to convert
the HCI in solution. Recrystallization from alcohol and ether the calculated’O chemical shielding values 6O chemical
yielded 105 mg of"Olurea (yield 67%). IR and solution NMR  shifts:
spectra were consistent with those reported in the literature.

Solid-State NMR. Solid-statel’0O NMR spectra were re- 0 =307.9 ppm- o )
corded on a Bruker Avance-500 spectrometer operating at
500.13 and 67.8 MHz fofH and 7O nuclei, respectively.  where 307.9 ppm is the absolute chemical shielding constant
Polycrystalline }’OJurea was packed into a zirconium oxide for the O nucleus in liquid HO.
rotor (4 mm o.d.). The sample spinning frequency was 10 kHz.
In the stationary’O NMR experiments, a Hahn-echo sequence Results and Discussion
was used to eliminate the acoustic ringing from the probe. A ) _
recycle delay of 60 s was used because of the l6Bgspin- 1’0 EFG and CS TensorsFigure 2 shows the experimental
lattice relaxation time in crystalline urea. A liquid sample of and simulated’O MAS spectra of {'OJurea. The observedO
H,O (25%170 atom) was used for RF power calibration as well MAS NMR spectrum exhibits a typical line shape arising from
as for 70O chemical shift referencing)(H,0,liq) = 0 ppm. the second-order quadrupole interaction. Analysis offie
Spectral simulations were performed with the WSOLIDS MAS spectrum yielded that = €%, Q/h = 7.244 0.01 MHz,
program (Drs. Klaus Eichele and Rod Wasylishen, Dalhousie 7 = 0-92, andis, = 200+ 1 ppm. The observed isotroptéO
University). chemical shift in crystalline urea is consistent with that found
Computational Aspects.All quantum chemical calculations N Solution“®Interestingly, the urea carbonyd QCC is smaller
on 170 EFG and CS tensors were carried out with the Gaus- tan those observed for amide carbonyl oxygen nuéfi.

sian98 progradf on a Pentium Il personal computer (400 MHz, To determine the relatiye orientatipn between @ EFG

128 MB RAM, 12 GB disk space). Standard basis sets such asand CS tensors, we obtained a stationd NMR spectrum
STO-3G, 6-311G, D95**, 6-311G**, and 6-3#HG** were of urea; see Figure 3. Since the crystallographic symmetry of
used. Calculations were performed at both restricted Hartree Urea requires that the principal-axis-systems (PAS) of the car-
Fock (RHF) and density functional theory (DFT) levels. The bonyl 170 EFG and CS tensors are coincident, analysis of the
B3LYP exchange function#l was employed in the DFT stationary:’O NMR spectrum becomes straightforward. In fact,
calculations. For chemical shielding calculations, the Gauge- there are only two possible relative orientations between the
Included Atomic Orbital (GIAO) approaéhwas used. two NMR tensors: (AJo = 0,8 = 90,y = 90° and (B)a =

The principal components of théO EFG tensorg;, are com- 0, =90,y = 0% In both cases, the direction with the largest
puted in atomic units (a.u.). In solid-state NMR experiments, shielding, s, coincides the direction with the smallest EFG
the observable quantity is the so-called quadrupole coupling ten-COMPONeNt. The _only difference between the two possible
sor whose principal components are definedyas > | x| > situations Is thaby, is parallel 1oy, a{'F%XW for (A) and (B).’
| ¥xx. The two tensorial quantities are related by the following res_pectlvely. Iiecause of th_e fact_that EFG tensor exhibits
equation: n= 0._92_ {2z~ xyy), the orientations (A) ‘_and (B) are a_ctuall)_/

very similar. Nevertheless, as shown in Figure 3, the orientation

) ’ (B) clearly produces a better agreement with the experimental
xi (MHz) = €’ Qqy/h = —2.349& (fm“) g; (au) (1) spectrum.
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Figure 3. Calculated (A, B) and experimental (€D stationary NMR
spectra of crystalline urea. In (A% =0, =90,y =90°. In (B),

=0, =90,y = 0°. See text for discussion. Vil
VZZ
(A) o=y=0°p=90°
V)’y
Vxx ,’/T ________ 622
o

633 ;
611

Figure 6. The largest urea molecular cluster used in the present study
(model VII).

in Figures 5 and 6, a total of seven models were used in the
guantum chemical calculations of this study. Model | consists
of an isolated urea molecule with a plar@y;, geometry. This
Figure 4. (A) Relative orientation between tHéO EFG tensor and s different from the gas-phase structure of ufe43 In addition,

CS tensor as determined from analysis of the experimental stationaryihe =0 and C-N distances of the urea molecule in the solid

170 NMR spectrum. (B and C) Two possible absolute orientations of . .
the 70 EFpG and Cé tensors) in thg molecular frame. See text for Stat€ (1.265 and 1.349 R)are also quite different from the

discussion. corresponding gas-phase values (1.221 and 1.378Hr these
reasons, the molecular geometry from a low-temperature (12
It is well-known that the aforementioned analysis of experi- K) neutron diffraction study of crystalline ur€awas directly
mental NMR spectra yields only thelative orientation between  used in the model construction without geometry optimization.
EFG and CS tensors rather than the absolute tensor orientatiorModel 1l contains two urea molecules where the target molecule
in the molecular frame. Again, as a result of the crystallographic is hydrogen bonded to another urea molecule from the neigh-
symmetry of crystalline urea, there are only two possible ways boring ribbon with an ®-H distance of 1.992 A. The two urea
of placing the carbonyi’O EFG and CS tensors in the molecular molecular planes are perpendicular to each other. Model Il
frame, once the relative orientation between them is determined.contains three molecules where the target molecule is also
The two possible situations are depicted in Figure 4. In the hydrogen-bonded to two molecules. However, the two urea
absence of any single-cryst?l0 NMR data, we decided to  molecules are from the two neighboring ribbons on both sides.
perform quantum chemical calculations in order to determine The H-bond length is the same as in model Il. In model IV, the
the absolute orientations of th&® EFG and CS tensors. Before  two hydrogen bonded urea molecules are from the same ribbon,
we discuss the calculated results in detail, we will first describe so they are planar forming a “head-to-tail” cyclic dimer with
the molecular models employed in the calculations. an O--H distance of 2.058 A. It is interesting to note the
Modeling the Hydrogen Bond Network in Crystalline difference between Models Il and IV. In each model, the target
Urea. As mentioned earlier, the presence of extensive inter- oxygen atom forms two H-bonds. However, the urea molecules
molecular hydrogen bonding interactions in crystalline urea in model Il form an H-bonded chain, whereas those in model
provides one with an ideal situation for examining the influence IV are cyclic. As will be seen later, these structural differences
of these interactions oHO NMR tensors. To study systemati- have large effects on thHéO NMR tensors. Model V consists
cally the hydrogen bonding effect in urea crystals, we con- of three urea molecules forming three H-bonds. Model VI is a
structed several molecular clusters with various sizes. As showntetramer where the target carbonyl oxygen atom is directly

e
H,N
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TABLE 1: Experimental and Calculated (B3LYP) O EFG TABLE 2: Calibrated Q(*’O) Values at RHF and DFT
Values for Small Molecule$ Levels with Various Basis Sets
exp QCC calcdgy, (au) method basis set calibrated QAm R? std error/MHz
molecule (MHz) STO-3G 6-311G D95** 6-311G** 6-31++G** RHF STO-3G —1.8508 0.8317 2.716
cor 4337 0.0925 0.7264 0.4799 0.7264 0.6819 6-311G —1.9603 0.9103 1.666
H.COP  12.35 23118 22417 21909 22417  2.1648 Dos™ —2.2366 0.9498 1.297
H.0  10.1068 2.6956 2.0398 1.8586 2.0398  1.8070 6-311G™ —2.1822 0.9840 0.6623
MeOH 11 2.5545 2.0872 1.9424 2.0872 1.9321 6-311++G —2.2851 0.9775 0.788
SCO  —1.32 —0.7334-0.2678 —0.4080 —0.2678 —0.2735 B3LYP  STO-3G —1.9080 0.8473 2.522
SO¥ 6.6 1.9449 1.3130 1.3274 1.3130 1.3077 6-311G —2.0365 0.9475 1.230
D95** —2.3816 0.9720 0.944
2 All calculations were based on the microwave structutésom 6-311G** —2.2436 0.9920 0.463
ref 49.¢ From ref 50.4 From ref 51.¢ From ref 52.1 From ref 53.9 From 6-31H+G* —2.3935 0.9932 0.429
ref 54.
14
involved in four C=0---H—N hydrogen bonds, two from the 12
neighboring molecule in the same ribbon and the other two from i
adjacent ribbons. This model is a reasonably good description 10
of the H-bonding network in crystalline urea. < ]
As illustrated in Figure 6, model VIl is the largest molecular 5 8 |

cluster employed in the present study. In this model, the target ¢ .
molecule serves both as an H-bond acceptor and as a donorg 6
resulting in additional H-bonds. In particular, the target molecule
is at the center of a ribbon fragment containing three urea
molecules to which four additional molecules from four different
neighboring ribbons are hydrogen bonded. Consequently, model© o |
VIl represents a complete quantitative description of the H-bond
network around the target urea molecule in crystal lattice. It is 0
worth noting that, although model VII contains a total of 56
atoms, the high crystallographic symmetry of the cluster has 2 . _ . . i
considerably reduced the demand for computing power. For 2 0 2 4 6 8 10 12 14
example, a total of 812 basis functions (1260 primitive Gaus-
sians) were used In the B3LYP/6-3t1 G* calculations for Figure 7. Comparison between the experimental and calculated
model VII. The EFG and GIAO-shielding calculations took : "
approximatel 9 h and 5 days, respectively. As will be shown (BSLYP/6-311++G*) O QCCs for CO, HCO, KO, MeOH, SCO
. . . ; . and SQ. See Table 1 for data.
in the following sections, model VIl is able to produce quite
satisfactory results for thEO NMR tensors. shown in Table 2 are smaller than the standard value2658
Calculations of the 170 EFG Tensor. In this section, we fm2 recommended by Pyykki§,indicating that all approxima-
will focus on the quantum chemicdlO EFG calculations for  tion methods tend to overestimat® EFGs.
crystalline urea. To make direct comparison between the The effectiveness of the aforementioned calibration approach
calculated EFG tensor and the observed quadrupole couplingfor crystalline urea is illustrated in Figure 8 where the basis set
tensor, it is necessary to know tHé&O nuclear quadrupole  dependence dfO QCCs is shown. Clearly, if the standa@d
moment,Q; see eq 1. Since large variations (up to 30%) exist value (-2.558 fn¥) is used, the calculated EFGs converge
in the literature concerning the value @{*’0), it is difficult slowly as the size of the basis set is increased. However, even
to compare directly the calculated EFG results with the observedat the B3LYP/6-31%+G** level, the calculated’O QCC for
QCC value. Recently, several groups demonstrated a calibrationcrystalline urea is approximately 1 MHz larger than the observed
approach, based on which an effecti® quadrupole moment  value, 7.24 MHz. In contrast, if the calibrat@dvalues are used,

4 4

Calculated

Experimental QCC (MHz)

can be derived for a particular level of thedfy4” The all calculations produce dramatically improved results. Under
calibration procedure consists of three steps. First, one selectsuch circumstance, the discrepancy between the calculated and
a group of small molecules for which accurate valued’cf observed QCCs is less than 0.4 MHz, except for those with the

QCCs have been determined by high-resolution microwave minimal basis set STO-3G. Our observation strongly suggests
spectroscopy. Second, one calculates the EFG values for thes¢hat the calibration approach can be safely extended to molecular
small molecules at a particular level of theory. Finally, one systems containing extensive H-bonding interactions.

adjusts the value of) to minimize the errors between the The 7O EFG calculations also confirmed that the carbonyl
calculated QCC values and the observed data using eq 1.170O EFG tensor orientation is in agreement with the one depicted
Following this procedure, we calculated tR€O EFGs for in Figure 4C. This’O EFG tensor orientation is also similar to
several small molecules at both RHF and DFT levels with that found for amide carbonyl grougs3? However, it is
various basis sets. The DFT results are presented in Table linteresting to note that the asymmetry parameter is close to 1
(the RHF results are not shown). Combining the calculated EFGsfor the urea-type carbonyl oxygen whereas this parameter is
and the experimental QCC values, we obtained the effeQive always less than 0.5 in amid&s3?

values at different levels of theory. The calibra@dalues are Calculations of the’0O Chemical Shielding Tensor.Unlike
summarized in Table 2 and a typical calibration plot is shown EFG calculations, quantum chemical calculations yield absolute
in Figure 7. As seen from Figure 7, the B3LYP/6-31£G** shielding tensors that can be directly compared with the
calculations yield reliablé’O EFG results €0.4 MHz) when experimental data using eq 2. However, it is still important to
an effectiveQ of —2.3935 fn? is used. This calibrate@ value evaluate the basis set dependence. Extensive theoretical work
is consistent with those calibrated at similar levels of has been done in this area; however, most previous studies have
accuracy**#7 It should be noted that all effectivg(*’O) values mainly focused on the isotropi®O chemical shielding constants
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Figure 8. Basis set dependence of the calculatéd QCCs for ) to a 7-molecule cluster (model VII). This is in agreement

crystalline urea. Model IV was used in the calculations. Open circles yjth the general trend observed in previdi® NQR studie§5:66

represent the results using the standandhlue of—2.558 fn¥, whereas ; ; ; ;
the filled circles are obtained with the effectié@ values shown in Another interesting trend seen from Figure 10A is thaand

Table 2. The dash line indicates the experimental value. xxx exhibit larger changes thagy. This is also reflected in the
changes of the asymmetry parameter,For exampley is
arising from a handful of isolated small molecu?&s® It re- increased from 0.66 in model | to 0.93 in model VII. We have

mains an open question as to whether extensive hydrogen-bondrecently observed a similar trend for #1® quadrupole coupling
ed molecular clusters present some new challenges to the currentensors in amided. 32
quantum chemical methodologies. In several recent studies, we The calculated’O chemical shielding tensor components for
examined thé’O CS tensors of various oxygen-containing func- various models are shown in Figure 10B. The principal com-
tional groups in extensive H-bonding environmé&he? These ponents of thé’O CS tensor are quite sensitive to the H-bond
studies suggested that B3LYP/D95** and B3LYP/6-3HG** strength. Interestingly the three CS tensor components also ex-
calculations are adequate in reproducing experiméf@NMR hibit different dependencies. The principal component with the
results. In the present study, since we have already determinedargest shieldinggss, shows a decrease of approximately 40
experimentally thé’O CS tensor for crystalline urea, it is de- ppm from Models | to VII, whereas the other two components,
sirable to further test the basis set dependence for'tbe 011 and d2p, exhibit increases of more than 120 ppm. Conse-
shielding calculations in systems with very extensive hydrogen quently the span of the chemical shift anisotropy: (— ds3) is
bonding. The calculatefO shielding results with model VI ~ decreased from Models | through VII by approximately 170
are shown in Figure 9. One general trend in Figure 9 is that the ppm! For an isolated urea molecule, the calculated isotropic
B3LYP calculations produce results similar to those of RHF. 17O chemical shielding constant is smaller than the experimental
Another trend is that the polarization functions appear to be value by 80 ppm. When the four direct H-bonds are considered
necessary to generate results in better agreement with the exin model VI, the deviation between the calculated and observed
perimental data. Except for STO-3G, all basis sets can reproducesotropic 7O chemical shielding is reduced to 30 ppm. With
reasonably well the tensor component with the largest shielding, model VI, the isotropict’O chemical shielding constant is in
o33 (0r d33). Meanwhile other two principal components,; excellent agreement with the observed value (the discrepancy
and oy, (or 611 and d2,), are within approximately 50 ppm to  is less than 2 ppm). However, as we have emphasized previous-
the experimental values. As will be shown later, this disagree- ly,3° examination of the calculated isotropic chemical shielding
ment arises largely from the fact that model VI is an incomplete constant alone can be misleading. In fact, as clearly seen from
description of the H-bonding environment in crystalline urea. Figure 10B, the calculated tensor components show deviations
Hydrogen Bonding Effects in Crystalline Urea.In this sec- as large as 20 ppm from the experimental values. The apparent
tion, we will examine the H-bonding effects in the quantum agreement between the calculated and observed isotropic
chemical calculations fO EFG and CS tensors. The calculated shielding constants simply arises from the mutual cancellation
results from Models | through VII are summarized in Table 3. of errors in the tensor components.
Using Q = —2.3935 fn%, which is calibrated for B3LYP/6- At first glance, it is somewhat surprising to see that, although
311++G**, the calculated’O quadrupole coupling tensors for  model VI yields quite satisfactod/O quadrupole tensor results,
the urea clusters are shown in Figure 10A. Considering that the calculated’O chemical shielding tensor from this model
the standard deviation arising from tQecalibration procedure ~ shows a discrepancy of approximately 50 ppm in the
is approximately+0.5 MHz, the agreement between the cal- component. The significant improvement of model VII over
culated and experimental data is excellent for Models VI and model VI in the calculations of thEO chemical shielding tensor
VII. In general, as the number of H-bonds is increased! e is also surprising. Our results suggest that the neighboring urea
QCC decreases. More specifically, tH® QCC is decreased molecules not directly involved in the H-bonding to the target
by approximately 1 MHz from an isolated urea molecule (model oxygen nucleus can make a contribution of as large as 40 ppm
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TABLE 3: Experimental and Calculated (B3LYP/6-311++G**) Carbonyl 17O Chemical Shielding Tensors and Quadrupole
Coupling Tensors for Crystalline Urea

model Oisdppm o11/ppm a2lppm ozdppm %zAdMHz LyylMHz Y MHz
| 28.8 —114.8 —97.4 298.7 8.324 —6.918 —1.405
11 44.4 —85.6 —71.4 290.4 8.189 —7.069 —1.120
I 62.8 —59.2 -21.4 268.9 8.064 —7.182 —0.882
\Y 46.0 —83.4 —47.9 269.2 7.731 —7.135 —0.596
V 62.7 —62.9 —41.9 292.9 7.590 —7.236 —0.355
\ 77.2 —38.8 1.7 268.8 7.459 —7.318 —0.142
Vil 106.7 9.4 49.4 261.3 7.312 —7.049 —0.264
expt 108+ 1 8+5 28+5 288+ 5 7.24+0.01 —6.95+ 0.01 —0.29+0.01

a Experimental chemical shift tensor components are converted to the shielding scale using eq 2.

(A) 100 SCHEME 2
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NH, H,N NH,
504

017 Quadrupde Tensor (MHz)
(@]

Benzamide Urea

-10.0 . T T T T T T
o 1 2 3 4 5 & 7 8 lengths in the two compounds are essentially the same. It should

Number of Hydrogen Bonds be pointed out that these solid-state structural parameters are
quite different from those of the optimized molecular struc-
50 tures® It is important to select the relevant molecular geometry
(B) when carrying out quantum chemical calculations for NMR
e tensors and comparing the calculated results with solid-state
NMR data. In the crystal lattice, benzamide molecules form
200 cyclic dimers linked laterally to form ribbons along thexis 8
150 where each oxygen atom is involved in two H-bonds. 1@
QCC in benzamide, 8.40 MHz, is considerably larger than that
in urea, 7.24 MHz. The asymmetry parameters of the @
qguadrupole tensors are also different, i.g.,= 0.37 for
benzamide andy = 0.92 for urea. In fact, we found that the
carbonyl oxygen nuclei in amides usually exhilgit< 0.5
whereas the urea-type oxygen nuclei hgve: 1. It is noted
however that the orientations of théD quadrupole coupling
o 1 2 3 a4 5 & 7 8 tensor are the same for the two compounds. Our observation is
Number of Hydrogen Bonds in excellent agreement with the eat#D NQR results reported

Figure 10. (A) Calculated (B3LYP/6-314+G*) 70 quadrupole ~ 2Y CNeng gfnd Brown for a variety of organic carbonyl
coupling tensors for models I-VII. The error bars indicate the uncertainty cOMPounds?On the basis of the simple Towns-Dailey analysis

250 4

017 Chemical Shielding {(ppm)

arising from theQ calibration. (B) Calculated (B3LYP/6-334+G**) of Cheng and Brown, the simultaneous decreas€nQCC
170 chemical shielding tensors for models I-VII. The dash lines in both and increase iy observed for urea indicate a loweredond
(A) and (B) indicate the experimental values. order between the carbon and oxygen atoms with consequent

increase int orbital population. The larg&’O chemical shift
difference (approximately 100 ppm) between the amide oxygen
and urea oxygen nuclei is well-known and has been related to
the difference in the A~ * energy gap for these two classes

of carbonyl compound¥®. According to Ramsey’s theory},the
nuclear magnetic shielding for molecules can be expressed as
the sum of diamagnetic and paramagnetic contributions:

to the’O chemical shielding tensor component. Clearly such
a long-rangé’0 shielding effect is transmitted via four chemical
bonds, i.e., C—N—H---O. Similar long-range effects arising
from intermolecular H-bonds have been observed previously
in the 13C shielding calculations af-glycine®” The remaining
small disagreement between the calculated results from model
VII and experimental data may arise largely from the intrinsic
limitation of the B3LYP/6-31%+G** approach.

At this point, it is of interest to compare tHéO EFG and
CS tensors determined for urea with our previous results for a o s -
structurally related primary amide, benzamieThe basic where the subscr_|pt i |nd|cat(_as the |nd|V|duc'_;1I principal com-
structural parameters for the amide fragment of benzdthide ponents of the.shu.eldmg tensor X% Y, 72)' Fori = x, the two
arer(C=0) 1.245 A.r(C—N) 1.340 A and(O—C—N) 122.3. shielding contributions can be written’as
The corresponding values for the urea molecule in the solid 2 2
state ara(C=0) 1.265 A,r(C—N) 1.349 A and](O—C—N) g Mo €& o +3)
121.24. Itis noted that the urea=€0 bond length is considerably Oxx = 4_71 2 3 ‘O (4)
longer than that of benzamide. In contrast, the-NC bond 2m ! T

0=0ﬁ+0iﬁ’ (3)




11200 J. Phys. Chem. A, Vol. 104, No. 47, 2000 Dong et al.

SCHEME 3 The orientation of the oxygen CS tensor within the carbonyl
8,,= 500 ppm 8,,= 280 ppm fragment has been thought to be invariant. An early theoretical

work by Gierke and Flygaré indicated that for formaldehyde
the 170 CS tensor component with the largest paramagnetic

8,,= 400 ppm 8= 300 ppm shielding,d11, lies along the €0 bond. A later single-crystal
O 83=0ppm Q5. =20 ppm NMR study confirmed thadi; is parallel to the €&O bond in
u g * benzophenon€.Recently we found that this is also the case in
~ NG both primary and secondary amid@s132All these findings
©/ NH, HN NH, support the rationalization that the paramagnetic shielding

contribution from the A~ z* mixing is predominant in carbonyl
Benzamide Urea compounds. Intuitively, one would expect that the orientation
of the 17O CS tensor in urea would be similar to that in
benzamide. Apparently, this is not the case. As mentioned
earlier, thed1; component of thé’O CS tensor is perpendicular
to the C=O bond of the urea molecule! This immediately

wherel0) is the ground-state electronic wave function, the sum

0] ZLXJ- rj_3|kD]R| zij|OD+ cc suggests that the_ paramagnetic contributions arising from

o Mo € ] ] w* and r — o* mixing become larger than that from the

O™ ;0 ®) a* mixing. This appears to be the first example where i@
4 omE & E, — E

shielding in a carbonyl compound is not dominated by the n
a* mixing. A recent LORG calculation of the carbon{lO
over k is over all excited electronic states, the sum ovér shielding in amide® suggests that the shielding contribution
over all electronsl is the electron orbital angular momentum  from the oxygen nonbonding orbitapiis larger than that from
operator,r; is the distance between thth electron and the  o(C=0) by approximately 50%. It may not be that surprising
nucleus of interest;c indicates complex conjugatgy and Ex then that the order of these contributions is reversed in the case
are the energy values for the ground- and excited-states,of urea. Itis also worth noting that, for an isolated urea molecule
respectively, other symbols suchzas e, mandc are standard ~ (model 1), the’’O CS tensor is essentially axially symmetric.
constants. Qualitatively, the diamagnetic shielding term is This indicates that isolated urea molecule is the critical point
dominated by the core electrons and consequently exhibits little at which the relative magnitude of the paramagnetic shielding
orientation dependence. On the other hand, the paramagneti¢ontributions fromy — 7* and = — o™ mixing and from the n
shielding contribution is responsible for the anisotropic nature —> 7" Mixing begins to switch. Therefore, one should relate
of the shielding tensor. It is clear from eq 5 that the paramagnetic the sh|e|d|2g change along the=© bond to the difference in
shielding term is inversely proportional to the energy gap theé n— 7* gaps. In the case of benzamide and urea, this
between the ground state and the excited state. For carbonyf€Presents a change of 220 ppm. Meanwhile the shielding
compounds, the HOMOLUMO n — x* transition often change along the direction perpendicular to tre@bond is
exhibits much smaller energy than other transitions, thereby mucrl smaller, ca. 100 F’P”_‘ll saggﬁstmg thatdhe ”;and”
becoming the predominant factor in the paramagnetic shielding ~ ¢ €N€rgy gaps are similar in the two compounds.
at the oxygen n_ucleus_. F(_)r this reason, current understand_ingCOndusiOns
of the 17O chemical shielding trend in carbonyl compounds is ) ) o
based sorely on energy consideration. For example, the n We have reported the first experimental determination of the
7* energy separation in benzamdie is estimated to be 4.62 eV, arbonyl*’O EFG tensor and CS tensor for crystalline urea.
based on the UV datdl§ax = 268 nm)72 The corresponding The extensive H-bonding in crystalline urea provides us with
energy gap in urea is much larger, ca. 6-7514 eV7374The an ideal model for studying the dependenc&’6fNMR tensors
large n— z* transition energy in urea can be attributed to the on H-bonding environment. The quantum chemical calculations
presence of two strong-donating NH groups, which leads to revealed that t_he presence of the four direst@--H—N hy- .
a destabilization of both the* and the n MOs. Therefore. it drogen bonds in crystalline urea causes a decrease of 1 MHz in
. , 7 : . . :
seems reasonable that urea exhibits a gredi@rchemical the carbonyt’O QCC and an increase of 50 ppm in the isotropic

shielding (or a smaller chemical shift value) than benzamide 70 chemical shielding constant. In addition, the long-range ef-
9 " fects due to the indirect H-bonds could contribute as large as

However, often neglected in previous studie$’@f chemical 40 ppm to the!’0 CS tensor components. Consequently, it is
shielding is the term involving the electron orbital angular important to include a complete H-bonding network in quantum
momentum operatol. = (Ly, Ly, Lz), in eq 5. The detailed  chemical calculations in order to produce reliabl® NMR
effects of the orbital angular momentum operator have beentensors.
described by Jameson and Gutowskgssentially, this term The new finding of the present investigation suggests that,
determines the direction along which the paramagnetic shieldingfor the urea-type functional group, the paramagnetic shielding
contribution arising from a particular mixing between the ground contributions arising from the — z* and = — o* mixing are
state and an excited state is operative. For example,-amh larger than that from the #~ zz* mixing. This is a unique feature
mixing contributes only to the shielding along the=O bond, of thel’0 CS tensor for the urea carbonyl oxygen nucleus. The
whereas a — 7* or = — o* mixing is responsible only for  present study illustrates the importance of examining the entire
the paramagnetic shielding along the direction perpendicular CS tensor rather than the isotropic shielding constant alone.
to the G=O bond. Consequently, any information about the Calculations at both B3LYP/D95* and B3LYP/6-3+H-G**
directions of the CS tensor components may shed more lightlevels can reproduce reasonably well the experimental results
on the origin of the observed shielding. In this regard, it is more provided that a complete H-bond network is included. T
informative to examine the entire shielding tensor rather than EFG and CS tensors determined for crystalline urea can be used
the isotropic shielding constant alone. as benchmark values for similar functional groups in nucleic



170 NMR Study of Crystalline Urea

acid bases. Solid-statéO NMR may be useful in probing base
pairing in nucleic acids.
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