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A new method of incorporating ab initio theoretical data dynamically into the gas-phase electron diffraction
(GED) refinement process has been developed to aid the structure determination of large, sterically crowded
molecules. This process involves calculating a set of differences between parameters that define the positions
of peripheral atoms (usually hydrogen), as determined using molecular mechanics (MM), and those which
use ab initio methods. The peripheral-atom positions are then updated continually during the GED refinement
process, using MM, and the returned positions are modified using this set of differences to account for the
differences between ab initio and MM methods, before being scaled back to the average parameters used to
define them, as refined from experimental data. This allows the molecule to adopt a completely asymmetric
structure if required, without being constrained by the MM parametrization, whereas the calculations can be
performed on a practical time scale. The molecular structures tértrbutylphosphine oxide and ttert-
butylphosphine imide have been re-examined using this new technique, which we call SEMTEX (Structure
Enhancement Methodology using Theory and EXperiment).

Introduction on the light atoms using the SARACEN method would,

G h | diffraction (G is effectively th | however, lead to a greater number of refining parameters than
SS(-jp as.? %Iec}ron d iffraction (GED) is e efct|ve|yt Ie onhy could be reasonably expected to refine satisfactorily to fit the
method available for determining structures of molecules that .. t-on-diffraction data.

contain~20—100 atoms in the gas phase. GED works well, . .
provided the molecules are symmetric; however, for structures To overcome this problem, the DYNAMITE (DYNAMic

with low symmetry, extra information is often required to make 'nteraction of Theory and Experimehtnethod was recently
reliable structure determinations. developed. This uses rapid, low-level calculations, usually

Initially, assumptions of local symmetry were often made to molecular mechqr)ics (MM), I_inked to the refingment program
reduce the number of refining parameters. These were appliedto upda}te the positions of the. light atoms dynamically throughout
most often to light atoms. For exampleteat-butyl group often the refm_ement process. Thls removes the need for symmetry
would be constrained t63 or Cs, local symmetry. However, ~ assumptions for the peripheral atoms and allows complete
ab initio calculations have shown that such assumptions often@Symmetry, if required.
are not valid, and the artificial constraints can have a serious However, MM is parametrized, and, therefore, light atoms
and damaging influence on the resultant structure. are not completely free to find their optimal geometries. Ideally,

Accordingly, several attempts have been made to eliminate @n ab initio computational method would be used for the
the need for such symmetry assumptions. The MOCED (Mo- dynamic updating of the light-atom positions. However, com-

lecular Orbital Constrained Electron Diffractiénand SA- puting time limitations mean that such methods cannot be
RACEN (Structural Analysis Restrained by Ab initio Calcula- implemented directly.
tions for Electron diffractioNy* methods were developed with We have now developed the SEMTEX (Structure Enhance-

this goal. MOCED uses ab initio values to constrain small ment Methodology for Theory and EXperiment) method to solve
differences between certain parameters. SARACEN, on the otherihjs problem. This method indirectly includes the results of ab

hand, uses computed values as flexible restraints, and this aIIowsmitio calculations in the refinement process in the form of a

all parameters to be refined. calculated set of differences between these parameters and those
Although these methods have enabled a far greater range offrom MM. In this way, it has been possible to incorporate high-
molecules to be studied using GED, structural studies still |eye| theoretical data into the original DYNAMITE method,
frequently rely on constraints being applied to the peripheral \ypile retaining computational feasibility. The differences may
atoms in a structure. This can significantly affect structures of ¢ yecalculated once or twice during the refinements, to ensure

sterically crowded molecules, where the outer atoms, usually y,4t the final structure is effectively constrained entirely by the
hydrogen, may be displaced significantly by interactions with high-level, ab initio calculations. The results of the first two

other atoms. Attempting to remove the symmetry constraints structure determinations performed using this new method are

reported here.
* To whom correspondence should be addressed. E-mail: d.w.h.rankin@ . . . . . .
ed.ac.uk. For this work, slight improvements to the scaling routines in

T Formerly Sarah L. Hinchley. the DYNAMITE code have been implemented. Small scaling
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Figure 1. Gas-phase molecular structure of ORBiiewed along the  Figure 2. Gas-phase molecular structure of HNBBuewed along
O—P bond (s rotation axis). the N—P bond. In this case, the molecule Hassymmetry.

errors, previously undetectably small, were revealed by the wider _ Electron Diffraction Model. Tri-tert-butylphosphine Oxide

range of values produced during the SEMTEX studies. The structure was defined using a model withsymmetry, as
The structures of both tert-butylphosphine oxide indicated by the ab initio calculations described previously.

(OPBU) and tritert-butylphosphine imide have previously Fifteen independent geometric parameters were required, com-

: ) . prising four bond lengths, 7 bond angles and differences, and
been mvgstlgatgd using the SAR.ACEN and DYNAMITE four torsion parameters. These can be found in Table 1. The
method<® In this work, these refinements have been re-

evaluated and the results used as starting geometries forStartIng values used for the parameters in the model wer the

) values taken from the MP2 calculation; these were then applied
structural analyses using the new SEMTEX methoql. Th‘?y haveto refine our experimental data in the ed@ed program to give
been chosen so that maximum insight can be gained into the

workings of the new method the ry structure.
9 ) The heavy-atom bond lengths were describedr (&-C),

. ) r(P—C), andr(P—O) (p1-3). Ab initio calculations showed that,
Experimental Section although, in principle, there are three different C distances

Computational Methods. All geometry optimizations were in atert-butyl group, the differences are insignificantly small.

performed on the Columbus cluster, maintained by the National Expe_nence has _shown that, in such cases, refl_nement of all of
Service for Computational Chemistry Software (NSCC&ing the distances as independent parameters, restrained by computed
the Gaussian 03 prograimAll second-order MallerPlesset differences, leads to the same differences and uncertainties being

(MP2) calculations were frozen core [MP2(fc)]. Our imple- returned by the refinement. In such cases, this procedure is of

mentation of the DYNAMITE optimization method uses the no benefit, and we therefore fix the differences, either to the

TINKER molecular mechanics package with the MM3 param- computed values or, if these are very small, to zero.
eter sef Independent heavy-atom bond-angle parameters W@de-

For h of the molecul nder investioation. only on P—C) (p4), an average and two difference parameters [denoted
con?ornig(r: wc;s Igcatgdecir?(? ueo(ranetr ei gtJi?nigaﬁoOnSyV\(/)er((ae as P(2) C(3)~C(4) minus P(2)C(3)~C(5) and P(2)C(3)~
' 9 y op 1 C(4) minus P(2)-C(3)-C(6)] to describe the PC—C angles
conducted at the RHF level, using the 6-31G* basis'%é¢, d two C-C—C anales [CAYC(3)-C(5) and C
nd at the MP2 level, using the 6-311G* basis 18&t.The (ps-7), and two angles [C(4yC(3)-C(5) and C(4)
a ’ h— C(3)-C(6)] (ps,9- An angle that describes the torsion of the-
lowest energy structures are shown in Figures 1 (Gp&nd 2

> ; \ . butyl group around the C bond was also includegp).
(HNPBU). The force fields were obtained using analytic e parameters were also included to describe the starting

second derivatives of the energy, with respect to nuclear yssitions of the H atoms. These comprised an average bond
coordinates calculated at the RHF/6-31G* level. These were gisiance(C—H) (p11), an average bond anglg{C—C—H) (p1)

then used to provide estimates of the amplitudes of vibration 4 three parameters to describe the torsions of the three methyl
for use in the GED refinements, using the SHRINK progfa. groups about their respective<C bonds pr3-15). Therefore,

The vibrational correction terms can be found in the Supporting i, the DYNAMITE and SEMTEX refinementspi: and pi»
Information. The force fields were also used to calculate the represented the mean values of those for all nine H atoms in a
frequencies for the optimized structures. All calculated frequen- tert-butyl group. The differences between values for each
cies were real, indicating that each structure represented ajgjvidual atom are set using the SEMTEX method, allowing a
minimum on the global potential-energy surface (PES) for that {1y asymmetric description of the structure, as detailed below.

molecule. ' . o o Tri-tert-butylphosphine Imidéhe structure was defined using
Electron Diffraction Data. Original digital molecular- a model ofC; symmetry. Altogether, 42 independent geometric
intensity scattering intensity data for both ORBand parameters were required to describe the structure, comprising

HNPBU” were reintroduced directly into the ed@ed Edin- 7 bond lengths and differences, 22 bond angles and differences,
burgh electron diffraction refinement progréiwithout further and 13 torsion parameters. These can be found in Table 2.
modification. The scattering factors of Ross et al. were used in  The bond lengths were described by the N distance 1),

the refinements? the average and difference of the-C and P-N bond lengths
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TABLE 1: Refined and Calculated Parameters for OPBL& from the SARACEN, DYNAMITE, and SEMTEX Studies 2

no. parameter MP2/6-311GFd SARACEN (h) DYNAMITE (rn1) SEMTEX (h1) restraint
o} r(C-C) 153.8 pm 154.0(2) pm 153.9(2) pm 154.0(2) pm
P2 r(C—P) 189.0 pm 189.1(3) pm 189.0(2) pm 188.7(2) pm
Ps r(P—0) 151.0 pm 149.9(5) pm 149.8(5) pm 149.8(5) pm 149.8(6) pm
pa 0(O-P-C) 109.5 107.6(3Y 107.6(2y 107.7(2y
Ps O(P—C—C) av. 111.0 111.6(2) 111.6(2) 111.9(1)
Ps O(P(2)y-C(3)-C4))— —-8.4 —9.6(8y —10.3(7y —10.7(7y
O(P(2)-C(3)-C(5))
pr O(P(2)y-C(3)-C(4))— -1.7 —1.8(7f —-1.9(7y —=2.1(7y —1.7(10y
O(P(2)-C(3)-C(6))
Ps O(C(4)—-C(3)—C(5)) 109.6 111.9(7% 111.8(5Y 111.4(7y
Po O(C(4)—-C(3)—C(6)) 105.2 107.2(4y 107.2(4y 107.2(4y
P1o ¢(O—P—-C—-C(4)) 40.5 36.7(8y 36.2(7¥ 36.2(7¥
P11 r(C—H) 109.2 pm 108.1(2) pm 108.0(2) pm 108.0(2) pm
P12 0O(C—C—H) 111.0 111.0(6Y 111.7(4y 112.2(4y
Pz p(P—C—C(4)—H(15)) —169.3 —167.1(24 —167.4(24y —167.7(24 —168.9(26)
P14 ¢(P—C—C(5)—H(18)) 176.7 176.6(25j 176.7(27) 176.2(26} 176.6(26}
pis  p(P—C—C(6)—H(21)) 169.7 168.9(24) 169.4(24) 169.1(24) 169.3(27)

alLegend: r(X—Y), bond distance between sites X and Y(X—Y —2Z), bond angle between sites X, Y, and@W-X—Y —Z), bond torsion
between sites W, X, Y, and Z. The uncertainty in each measurement is given in parentheses.

TABLE 2: Refined and Calculated Parameters for HNPBU, for the SARACEN, DYNAMITE, and SEMTEX Studies @

no. parameter MP2/6-311Grd SARACEN (n1) DYNAMITE (rny) SEMTEX (rny) restraint
p1 r(N—H) 101.6 pm 101.1(5) pm 101.1(6) pm 101.1(5) pm 101.0(5) pm
p2 r(C—C/P—N) av. 154.2 pm 155.9(2) pm 156.0(2) pm 155.9(2) pm

Ps r(C—C/P—N) diff 5.0 pm 5.4(5) pm 5.4(5) pm 5.4(5) pm 5.0(5) pm
P4 r(P—C) av. 189.8 pm 190.4(4) pm 191.2(4) pm 191.1(5)

Ps r(P—C)d1 —2.4pm —2.4(5) pm —2.4(6) pm —2.5(5) pm —2.4(5) pm
Ps r(P—C) d2 —2.5pm —2.7(5) pm —2.5(6) pm —2.5(5) pm —2.7(5) pm
pr OP-C—C)av.(gp 1) 110.9 110.9(8} 111.2(9% 111.1(9% 110.9(10j
Ps OP-C-C)dl(gp 1) 0.6 —0.2(10y —0.4(10y —0.4(10y 0.6(10y

Po OP-C-C)d2(gp 1) —6.1° —5.5(10y —5.1(10y —5.0(10y —6.0(10y
P O(C(5)—C(4)—C(6)) 108.4 108.1(10) 107.9(11) 107.9(11) 108.4(10)
P11 O(C()y-C@)y-C(1) 105.8 105.1(10j 105.6(10) 105.7(10j 105.4(10j
pz  O(P—-C—C)av. (gp 2) 1114 112.5(10) 111.7(10j 111.6(10)

P13 OP-C-C)d1l(gp2) 0.9 1.6(10y 1.1(11y 1.2(11y 0.9(10y

P14 O(P-C—C) d2 (gp 2) -8.3 —8.3(10y —8.0(10y —8.1(10y —8.3(10y
pis  O(C(9)—C(8)—C(10)) 104.7 104.6(10y 104.8(113 104.9(11y 104.7(10y
P16 0(C(9)-C(8-C(11)) 108.8 108.5(10j 108.5(11) 108.6(11} 108.6(10j
P17 O(P—-C—C)av. (gp 3) 111.2 109.6(11} 106.7(9} 106.5(9)

Pis O(P—-C-C)d1(gp3) 1.4 —1.0(10y —1.5(11y —1.5(11y —1.3(10y
P19 O(P—-C—C)d2 (gp 3) —-8.2 —8.4(10y —8.7(10y —8.8(10y —8.1(10y
P20 O(C(13)-C(12)-C(14)) 105.2 105.4(10j 106.3(10j 106.4(10j 105.2(10j
P21 O(C(13)-C(12)-C(15)) 109.2 109.6(10j 110.2(11y 110.3(11} 109.1(10j
P22 O(N—P-C) av. 106.8 107.3(3} 107.2(3y 107.2(3y

Pz O(N—P—C)dl 10.3 9.9(13y 11.8(14y 11.8(15) 10.3(15)
P24 ON—P-C)d2 0.8 0.7(15y —0.6(15y —0.5(15y 0.8(15y

P2s O(C(4)—P(3)-C(8)) 109.7 109.7(9y 110.5(9% 110.6(9Y 109.7(10}
P26 O(C(4)-P(3)-C(12)) 109.8 110.1(8} 109.8(8} 109.7(8}y 109.8(10j
Pz O(P—N—H) 115.7 115.8(11) 115.9(11) 115.9(11) 115.7(10)
P2s d(N(2)—P(3y-C(4)—C(5)) 73.8 74.3(21y 72.1(21% 72.3(20y 73.8(25Y
P29 ¢(N(2)—P(3)-C(8)—C(9)) 67.6 67.2(19y 66.4(20% 66.8(21y 67.6(25Y
P30 d(N(2)—P(3-C(12)-C(13)) -36.3 —34.7(20% —39.3(21) —39.6(20} —36.3(25)
P p(H—N—P—C) -173.0 —173.0(11y —173.0(11y —173.0(113 —172.9(10§
P32 r(C—H) 109.2 pm 114.5(3) pm 114.9(3) pm 115.0(3) pm

Ps3 0(C—C—H) 107.6 108.6(8Y 110.4(7y 110.5(8Y

P3a ¢(P(3y-C(4)—C(5)—H(16)) 72.6 70.9(26Y 71.4(27% 71.4(27% 72.6(25Y
Pas ¢(P(3y-C(4)—C(6)—H(19)) -70.3 176.4(27 176.3(27) 176.5(27% 175.9(25}
Pss ¢(P(3y-C(4)—C(7)—H(22)) —175.9 69.4(26Y 69.4(27% 69.7(27y 70.2(25Y
Pa7 ¢(P(3y-C(8)—C(9)—H(25)) 73.8 73.1(26Y 73.5(28y 73.7(28y 73.8(25y
Pss ¢(P(3-C(8)—C(10)-H(28)) 54.9 67.3(26Y 67.4(27% 68.1(27y 68.0(25Y
P39 o(P(3y-C(8)—-C(11)-H(31)) 66.2 175.3(27j 175.3(27) 175.4(273 175.4(25}
Pao ¢(P(3)-C(12)-C(13)-H(34)) —-71.r 50.4(27y 50.0(27y 50.1(27y 50.6(25Y
Pa1 o(P(3y-C(12)-C(14)-H(37)) —-51.9 53.3(26Y 52.5(27y 52.8(27y 51.9(25y
Pa2 ¢(P(3)-C(12)-C(15)—H(40)) -57.3 177.4(26) 176.3(27) 177.1(273 176.2(25)

alLegend: r(X—Y), bond distance between sites X and Y(X—Y —2Z), bond angle between sites X, Y, and@W—X—Y —Z), bond torsion
between sites W, X, Y, and Z. The uncertainty in each measurement is given in parentheses.

(p2-3), and the average and two differences for theCPbond

lengths fs4-6). Independent bond-angle parameters included used f»7), as were two €&P—C angles fi25 29, and average

three average and difference parameters for th€PC angles
of eachtert-butyl group (7-9,12-14,17-19), With two associated

and two difference parameters to describe thePN-C angles
(p22-24). Torsional parameters were threert-butyl group
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TABLE 3: C —H Bond Lengths, C—C—H Bond Angles, and P-C—C—H Bond Torsions for OPBut3, Calculated with the MM3
and MP2/6-311G* Method¢

r(C—H) (pm) 0(C—C—H) (deg) ¢(P—C—C—H) (deg)

parameter MM3 MP2 MM3 MP2 MM3 MP2
P(2-C(3)-C(4)—H(15) 111.3 109.6 1111 108.2 —173.6 —168.5
P(2)-C(3)-C(4)—H(16) 110.7 108.9 113.1 113.0 67.3 725
P(2-C(3)-C(4)—-H(17) 1111 109.1 112.3 110.4 —54.5 —49.3
P(2)-C(3)-C(5)—H(18) 111.3 109.5 111.9 108.4 173.8 175.7
P(2-C(3)-C(5)—H(19) 1111 109.3 111.7 1115 53.7 57.5
P(2)-C(3)—C(5)—H(20) 110.7 109.1 113.0 114.0 —66.7 —65.1
P(2-C(3)-C(6)—H(21) 111.3 109.5 1115 107.9 173.8 173.4
P(2)-C(3)-C(6)-H(22) 111.1 109.3 111.1 111.9 56.0 55.8
P(2)-C(3)-C(6)—H(23) 110.6 108.8 113.8 113.1 —66.4 —-67.7
range 0.7 0.8 2.7 6.1 N/A N/A

a|nternuclear distances are the calculatedl (alues.

TABLE 4: C —H Bond Lengths, C—C—H Bond Angles, and P-C—C—H Bond Torsions for OPBu‘3 for Both the DYNAMITE
and SEMTEX Refinements

Bond Lengthy(C—H) (rn1) (pm) Bond Angle[1(C—C—H) (deg) Bond Torsionp(P—C—C—H) (deg)

parameter DYNAMITE SEMTEX DYNAMITE SEMTEX DYNAMITE SEMTEX
P(2)-C(3)~C(4)-H(15) 108.2 108.0 110.6 109.6 —167.5 —167.6
P(2)-C(3)—-C(4)—H(16) 107.6 107.2 1125 114.2 73.5 73.4
P(2)-C(3)—C(4)—H(17) 108.1 107.5 111.8 111.7 —48.3 —48.6
P(2)-C(3)—-C(5)—H(18) 108.2 107.9 1115 109.9 174.8 —-178.8
P(2)-C(3)-C(5)—H(19) 108.1 107.7 112.4 112.8 54.6 61.4
P(2)-C(3)—C(5)—H(20) 107.6 107.5 111.1 115.4 —65.7 —59.0
P(2)-C(3)-C(6)—H(21) 108.2 107.9 111.1 109.3 168.6 169.3
P(2)-C(3)-C(6)—H(22) 108.1 107.8 110.6 113.2 50.0 51.3
P(2)-C(3)-C(6)—H(23) 107.5 107.2 113.3 114.4 -71.4 -71.3
range 0.7 0.8 2.7 6.1 N/A N/A
torsions Pp(N(2)—P(3)-C(4)—C(5)), #(N(2)—P(3)-C(8)— the two levels of theory. Thus, the absolute differences between
C(9)), andp(N(2)—P(3)-C(12)-C(13))] (p28-30), andgp(H—N— H-atom parameters are derived ab initio, but they are modified
P—C(4)) (ps1)- dynamically at the MM level. Thus, the average distance,

Finally, 11 parameters were included to describe the starting average angle, and three torsional parameters that describe the
positions of the peripheral H atoms. These comprised the meanH-atom positions are still refined from the experimental data,

C—H bond length |§32), the meari](C—C—H) bond angle§zs), with the differences between the absolute values for the
and 9 parameters to describe the torsions of the three methylindividual atoms being effectively calculated ab initio.
groups in each butyl group about their adjacert@bonds Because of the fact that the entire structure refines using this

(P34-42). Again, in the DYNAMITE and SEMTEX refinements,  method, the initial heavy-atom structure (as calculated by the
ps2 andpss represented the mean values of those for all nine H SARACEN method) will change over several cycles of refine-
atoms in atert-butyl group. ment. This renders the initial set of differences obsolete, because

SEMTEX Methodologynitially, the heavy-atom structure of they were calculated based on heavy-atom coordinates frozen
the molecule is determined via a standard SARACEN GED at values that are no longer valid. As a consequence, it is
refinement (i.e., (flexibly) restrained where necessary by necessary to repeat the theoretical calculations periodically and
parameters calculated ab |n|t|0) The Cartesian coordinates Ofrecalculate the difference set during the refinement. The method
this refined structure are output to a data file. Geometry Works with any two types of calculations, such as an expensive,
optimizations at both the ab initio and MM levels of theory are high-level calculation that is performed few times, and a low-
then performed, with the heavy-atom coordinates fixed to their 1€Vel, inexpensive calculation that is performed repeatedly.
refined GED values in each case. These optimizations are, of
course, constrained, and do not lead to the absolutely lowest-Results
energy structures for the molecule. However, the procedure does __ . . . .
yield the potential minima for the constrained structure at the Tri- tert-butylphosphine OX'O_'e- Theore_t|_cal MethquThe
two levels of theory, and should therefore give the best structurg of QPBijwas, determined ab initio. A previous PES
representation of the H-atom positions in the real molecule. The S€arch involving rotation of thetert-butyl groups around the
procedure gives two sets of light-atom coordinates, whose P—C bonds found only one conformer of OPBuwhich
differences are attributable entirely to the effects of the differing €xhibitedCs symmetry. GED refinements can be complicated
levels of theory used. The position of each H atom in each by the presence of multiple conformers, which we therefore wish
computed structure is then derived in terms of aHCbond to avoid at this stage. Thus, the presence of only one conformer
length, G-C—H angle, and PC—C—H dihedral angle. By makes this molecule well-suited to be a test case for the new
subtracting the MP2 values of these three parameters from themethod. The molecular geometry of OPBat the MP2/6-
MM-determined values, a set of difference parameters is 311G* level can be found in Table 1.
obtained. These are then introduced as additional data in the At the outset of the SEMTEX refinement process, the heavy-
refinement process, modifying the parameters that are returnedatom positions were fixed as calculated using DYNAMITE, and
continually by the MM code to reflect the differences between both MP2/6-311G* and MM3 calculations were performed on
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TABLE 5: C —H Bond Lengths, C—C—H Bond Angles, and P-C—C—H Bond Torsions for HNPBut3 Calculated with the MM3
and MP2/6-311G* Method¢

Bond Lengthy(C—H) (pm) Bond Angle[1(C—C—H) (deg) Bond Torsiong(P—C—C—H) (deg)
parameter MM3 MP2 MM3 MP2 MM3 MP2
P(3-C(4)—-C(5)—H(16) 110.8 108.8 112.8 113.7 76.1 74.5
P(3)-C(4)—C(5)—H(17) 111.2 108.9 113.4 111.2 —49.9 —50.7
P(3-C(4)—-C(5)—H(18) 111.3 109.6 110.8 107.7 —168.0 —168.5
P(3)-C(4)—C(6)—H(19) 110.7 108.9 113.4 113.8 —63.8 —64.2
P(3-C(4)—-C(6)—H(20) 111.3 109.1 112.4 110.0 57.5 57.1
P(3)-C(4)—C(6)—H(21) 111.3 109.5 111.8 107.7 177.2 176.5
P(3-C(4)-C(7)-H(22) 111.3 109.8 110.7 109.1 —-171.6 —-171.4
P(3)-C(4)—C(7)—H(23) 110.8 109.1 113.0 111.8 70.3 70.8
P(3-C(4)—-C(7)—H(24) 110.6 108.8 114.3 113.9 —52.2 -51.9
P(3)—C(8)—C(9)—H(25) 110.8 109.0 113.1 113.2 72.4 73.3
P(3)-C(8)—-C(9)—H(26) 111.3 109.6 111.3 108.0 —169.4 —168.1
P(3)-C(8)—C(9)—H(27) 111.2 109.3 112.5 111.1 —50.7 —49.8
P(3)-C(8)—C(10)-H(28) 111.2 109.3 112.6 110.9 55.3 55.2
P(3)-C(8)—C(10)-H(29) 111.3 109.5 111.6 108.3 174.6 173.4
P(3)-C(8)—C(10)-H(30) 110.8 109.0 113.3 113.6 —66.4 —67.4
P(3-C(8)—-C(11)-H(31) 111.1 109.4 112.0 112.0 61.9 62.5
P(3-C(8)—-C(11)-H(32) 111.3 109.6 111.8 108.9 —178.6 —-178.9
P(3-C(8)—C(11)-H(33) 111.0 109.3 112.4 112.7 —58.7 —59.7
P(3)-C(12)-C(13)-H(34) 110.5 108.3 114.9 113.6 —87.3 —89.9
P(3-C(12)-C(13)—H(35) 111.3 109.6 109.4 107.8 157.3 152.9
P(3)-C(12)-C(13)-H(36) 1111 109.9 115.2 112.2 39.9 34.7
P(3-C(12)-C(14)-H(37) 111.2 109.2 113.9 110.6 —49.2 —49.9
P(3)-C(12)-C(14)-H(38) 111.3 109.7 110.7 109.1 —169.0 —168.0
P(3-C(12)-C(14)-H(39) 111.0 109.2 111.7 113.0 74.1 72.8
P(3)-C(12)-C(15)-H(40) 111.0 109.3 112.4 113.1 —56.1 —57.3
P(3-C(12)-C(15)-H(41) 111.3 109.9 110.0 109.5 —174.0 —177.0
P(3)-C(12)-C(15)-H(42) 110.8 108.7 113.9 110.7 67.6 65.2
range 0.8 1.6 5.8 6.2 N/A N/A

a|nternuclear distances are the calculatedl (alues.

the light atoms. The resulting light-atom parameters can be determined to beRz = 0.061 andR, = 0.087. Interatomic

found in Table 3. As the values in Table 3 show, the@-H distances and corresponding amplitudes of vibration can be
angles at the MP2 level of theory cover a range of Bihereas found in Table S4 in the Supporting Information, and final
for the MM3 calculation, this variation is much smallerZ. 7). experimental coordinates from the DYNAMITE GED analysis

Clearly, this is a significant difference in the structure as are given in Table S5 in the Supporting Information. The
determined by these different theoretical methods. The inclusion correlation matrix can be found in Table S6 in the Supporting
of the ab initio data in the refinement via the SEMTEX method Information.
will allow this and other structural features to be modeled more  SEMTEX GED Refinementhe starting parameters were as
accurately. (The values of the-<® bond lengths, €C—H bond described for the SARACEN and DYNAMITE refinements. The
angles, and PC—C—H bond torsions for OPEyl using the geometric parameters were refined using, first, the SARACEN
DYNAMITE and SEMTEX methods, can be found in Table 4.) method and, then, the DYNAMITE method. After all 15
SARACEN GED Refinemefithe starting parameters for the geometric parameters and 21 groups of vibrational amplitudes
rhy refinement were taken from the theoretical geometry were refined according to the DYNAMITE method, the SEM-
optimized at the MP2/6-311G* level. Fifteen geometric param- TEX code was activated. The heavy-atom positions were fixed
eters were refined, along with 21 groups of vibrational and theoretical structures were calculated at both the MP2 and
amplitudes. Five geometric and nine amplitude restraints were MM3 levels of theory. The differences in the light-atom
applied according to the SARACEN method; these can be found parameters between these two structures were then calculated.
in Table 1. The finalR factors for the refinement were During each refinement cycle for each parameter, the light-atom
determined to bRz = 0.061 andRp = 0.089. Interatomic positions returned by the MM3 code were immediately modified
distances and corresponding amplitudes of vibration are givenby this set of differences.
in Table S1 in the Supporting Information, and final experi-  In regard to the SARACEN and DYNAMITE refinements,
mental coordinates from the SARACEN GED analysis are given all 15 geometric parameters were refined, along with 21 groups
in Table S2 in the Supporting Information. The correlation of vibrational amplitudes. Five geometric and nine amplitude
matrix is given in Table S3 in the Supporting Information. restraints were applied using the SARACEN method. In the final
DYNAMITE GED RefinemenThe starting parameters and refinement, theR factors wereRs = 0.062 andRp = 0.086.
force field were as described for the SARACEN refinement, Figure 3 shows the radial distribution curve, and Table 1 lists
and all geometric parameters were refined according to this the final refined parameters. Interatomic distances and corre-
method. After this step was complete, the DYNAMITE code sponding amplitudes of vibration are given in Table S7 in the
was activated and the light-atom positions were updated Supporting Information and final experimental coordinates from
computationally. Consequently, the parameters associated witnthe SEMTEX GED analysis are given in Table S8 in the
the H atoms now represent average values over all atoms in aSupporting Information. The correlation matrix is given in Table
tert-butyl group. In regard to the SARACEN refinement, 15 S9 in the Supporting Information.
geometric parameters and 21 groups of vibrational amplitudes  Tri- tert-butylphosphine Imide. Theoretical MethodsThe
were refined. The finaR factors for the refinement were  structure of HNPBjwas determined using both ab initio and
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TABLE 6: C —H Bond Lengths, C—C—H Bond Angles, and P-C—

and SEMTEX Refinementst

Kafka et al.

C—H Bond Torsions for HNPBuj for Both the DYNAMITE

Bond Lengthy (C—H) (1) (pm)

Bond Angle[1(C—C—H) (deg)

Bond Torsiong(P—C—C—H) (deg)

parameter DYNAMITE SEMTEX DYNAMITE SEMTEX DYNAMITE SEMTEX

P(3)-C(4)—C(5)—H(16) 114.6 114.6 110.8 113.2 74.7 74.8
P(3)-C(4)—C(5)—H(17) 115.0 114.7 111.3 110.7 —51.1 —51.2
P(3)-C(4)—C(5)—H(18) 115.2 1154 108.9 107.0 —169.3 —169.3
P(3)-C(4)—C(6)—H(19) 114.6 114.7 111.3 113.2 —-70.2 —-70.5
P(3)-C(4)—C(6)—H(20) 115.1 114.9 110.4 109.5 51.1 50.8
P(3)-C(4)—C(6)—H(21) 115.2 115.3 109.8 107.3 170.8 170.5
P(3)-C(4)—C(7)—H(22) 115.2 115.6 108.8 108.7 —-176.7 —176.9
P(3)-C(4)—C(7)—H(23) 114.7 114.9 111.0 111.3 65.2 64.9
P(3)-C(4)—C(7)—H(24) 114.5 114.6 112.2 113.3 —57.3 —57.6
P(3)-C(8)—C(9)—H(25) 114.7 114.8 111.1 112.7 -177.8 —-178.0
P(3)-C(8)—C(9)—H(26) 115.2 115.4 109.4 107.5 —59.7 —59.8
P(3)-C(8)—C(9)—H(27) 115.1 115.0 1105 110.6 59.1 58.9
P(3)-C(8)—C(10)—H(28) 115.1 115.1 110.6 110.5 83.1 83.0
P(3)-C(8)—C(10-H(29) 115.2 115.3 109.6 107.9 —-157.6 —-157.7
P(3)-C(8)—C(10)-H(30) 114.7 114.8 111.3 113.0 —38.5 —38.6
P(3)-C(8)-C(11>-H(31) 115.0 115.2 110.0 111.5 —29.6 —29.4
P(3)-C(8)-C(11)-H(32) 115.1 115.4 109.8 108.4 89.9 90.1
P(3)-C(8)—C(11>-H(33) 1149 115.1 110.4 112.1 —150.2 —-150.1
P(3)-C(12)—C(13)-H(34) 114.3 114.1 112.8 113.1 —165.9 —165.8
P(3)-C(12)-C(13)-H(35) 115.2 115.7 107.5 107.3 78.7 78.9
P(3)-C(12)-C(13)-H(36) 114.9 114.8 113.2 111.7 —38.9 —38.6
P(3)-C(12)-C(14)-H(37) 115.1 115.0 111.8 110.1 60.1 58.9
P(3)-C(12)-C(14)-H(38) 115.1 115.5 108.8 108.6 —59.7 —60.8
P(3)-C(12)-C(14)-H(39) 114.9 115.0 109.6 1125 —176.6 —-177.7
P(3)-C(12)-C(15)-H(40) 114.9 115.0 110.4 112.6 —59.9 —60.4
P(3)-C(12)-C(15)-H(41) 115.1 115.7 108.1 109.1 —-177.8 —178.3
P(3)-C(12)-C(15)-H(42) 114.7 114.4 111.8 110.3 63.7 63.2
range 0.9 1.6 5.7 6.3 N/A N/A

a|nternuclear distances are the calculatedl (alues.

MM methods. In this case, only one conformer, which exhibited

computationally. Consequently, the parameters associated with

C; symmetry, was observed. As a consequence of the low the H atoms now represent average values over all nine atoms

symmetry of this molecule, the SEMTEX refinement process
was considerably more time-consuming than for the GPBu
investigation. The molecular geometry of HNPgii the MP2/
6-311G* level is given in Table 2. The values of the-'8 bond
lengths, CG-C—H bond angles, and-PC—C—H bond torsion
parameters from the MP2/6-311G* calculation are given in
Table 5. As these values show, theeC—H angles at the MP2
level of theory show a variation of &2whereas, for the MM3
calculation, this variation is 5?8 This discrepancy between the
MP2 and MM3 level calculations is less pronounced than for
the OPBy case.

SARACEN GED Refinemeiithe starting parameters for the
rny refinement were taken from the theoretical geometry
optimized at the MP2/6-311G* level. In total, 42 geometric
parameters were refined, along with 10 groups of vibrational
amplitudes. Thirty-five geometric and six amplitude restraints

in atert-butyl group. As described for the SARACEN refine-
ment, 42 geometric parameters and 10 groups of vibrational
amplitudes were refined. The finRlfactors for the refinement
were determined to bies = 0.068 R, = 0.097). Final refined
parameters are listed in Table 2. Interatomic distances and
corresponding amplitudes of vibration can be found in Table
S13 in the Supporting Information, with the final experimental
coordinates from the DYNAMITE GED analysis given in Table
S14 in the Supporting Information, and the correlation matrix
in Table S15 in the Supporting Information.

SEMTEX GED Refinementhe starting parameters were as
described for the SARACEN and DYNAMITE refinements. The
geometric parameters were refined using, first, the SARACEN
and, then, the DYNAMITE method. As for the OP}Buase,
the SEMTEX code was then activated. In regard to the
SARACEN and DYNAMITE refinements, all 42 geometric

were applied, according to the SARACEN method. These are parameters were refined, along with 10 groups of vibrational

given in Table S3 in the Supporting Information. The fikal
factors for the refinement were determined toRe= 0.072
(Ro = 0.097). Final refined parameters are given in Table 2.

amplitudes. Five geometric and nine amplitude restraints were
applied, using the SARACEN method. In the final refinement,
the R factors wereRs = 0.068 Ry = 0.097). Figure 4 shows

Interatomic distances and corresponding amplitudes of vibration the final radial distribution curve from the refinement, and Table
are given in Table S10 in the Supporting Information, with final 2 lists the final refined parameters. Interatomic distances and
experimental coordinates from the SARACEN GED analysis corresponding amplitudes of vibration are given in Table S16
given in Table S11 in the Supporting Information. The correla- in the Supporting Information, and final experimental coordi-
tion matrix for the refinement can be found in Table S12 in the nates from the SEMTEX refinement are given in Table S17 in
Supporting Information. the Supporting Information. The correlation matrix is shown in

DYNAMITE GED Refinemerithe starting parameters and 1able S18 in the Supporting Information.
force field were as described for the SARACEN refinement, ~ As for the OPBY study, no great difference is observed
and all geometric parameters were refined according to this between the values of the refined parameter&-tectors for
method. After this step was complete, the DYNAMITE code the DYNAMITE and SEMTEX refinements. This is an expected
was activated and the light-atom positions were updated result, because both the structures involved in this study are
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Figure 3. Molecular scattering intensity curves for Oljﬁul'he
experimental and theoretical curves are given for both the long (A and r./pm
B) and short (C and D) camera distances, along with the two difference

curves ALong andAShort). Figure 4. Experimental and difference (experimentaltheoretical)

radial distribution curvesR(r)/r), from the SEMTEX refinement of
OPBL&. Before Fourier inversion, the data were multiplied by a factor

relatively simple cases, which were already well-determined of 5 eXp(~0.00002)/[(Zc — 1)(Zo — fo)].

using previous methods. It is expected that the new method will
give reliable refinements of more-complex structures than would

be possible using either the DYNAMITE or SARACEN
approaches. ' (9) ﬂ (\
ol AN\ WAWA\
Discussion /[ \\//\V/\\ :
M \
The molecular structures of tigrt-butylphosphine oxide and / V v
tri-tert-butylphosphine imide have been re-examined as test
cases for a new method of GED structure refinement that has A A\ /\ AN
been developed. Previously, these molecules had been studied \V/\\ / l // \\ //\\A/ v
using the DYNAMITE total structure determination method, V P v D
which uses the MM method to model the positions of the H \/
atoms throughout the refinement process.
The new SEMTEX method goes one step further by using e ALONG
high-level theoretical datain this case, at the MP2 level A AShort
repeatedly within the GED refinement process. This allows a o 4 s 10 10 20 20

more-accurate fitting to our experimental data, effectively

improving the DYNAMITE method by allowing it to make use . lecul L . ¢ PBdTh

of more-expensive computational methods than were previously "'9uré 5. Molecular scattering intensity curves for HNFESWhe
experimental and theoretical curves are given for both the long (A and

possible. In the case of OP@“'”_Q?. discrepancies were  g)and short (C and D) camera distances, along with the two difference
observed between the MM and ab initio calculated structures. curves ALong andAShort).

A particularly notable example of this was the range ef@-H
angles, which was more than twice as large for the MP2 case notable difference between the structures of the DYNAMITE

as for the MM3 case: 6°].compared to 27 and SEMTEX refinements is the range of different values for
For the SEMTEX refinement of OPBuexperimental and  these parameters. For the DYNAMITE refinement, the range
theoretical parameters are generally in good agreement with eactf C—C—H angles was determined to be 2.Whereas for the
other. The G-C interatomic distance refined to a value of 154.0 SEMTEXrefinement, it was more than double this value7p.1
pm, compared to a value of 153.8 pm, which was calculated at This reflects the difference between the ab initio and MM
the MP2/6-311G* level of theory. Angles also were generally Structures mentioned previously, and it shows that the MM3

sinm’!

in agreement, to within 1% For example[1(O—P—C) refined method used previously did not allow for the complete asym-
to a value of 107.%, compared to a value of 109.from the metry that the structure should adopt.
calculations. For HNPBU, the range of €C—H angles was determined

There is a very good level of agreement between the to be 6.2 for the MP2 calculation and 5:8for the MM3
DYNAMITE and SEMTEX refinements, as was expected in calculation. This is clearly much less of a difference in ranges,
this case, because of the relatively simple nature of the moleculewhen compared to the OPBustructure. In this case, less
under investigation. For the heavy atoms, the interatomic difference would therefore be expected in the structures of the
distance parameters agree to within 0.5 pm. The largest heavy-DYNAMITE and SEMTEX refinements. This prediction is
atom discrepancy occurs in the—E interatomic distance, borne out in the final refined structures, where a range df 6.3
showing a difference of only 0.3 pm. Angles given for the two is found for the SEMTEX refinement, in comparison with a
methods also are in close agreement. range of 5.7 for DYNAMITE. (See Table 6 and Figures 5

The average light-atom parameters«C distance, &C—H and 6.)
angle, and PC—C—H torsion parameters, averaged over nine  As in the OPBQ case, there is very close agreement of
H atoms in atert-butyl group) also agree well. However, a parameters given by the DYNAMITE and SEMTEX methods.
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Figure 6. Experimental and difference (experimentaltheoretical)
radial distribution curvesR(r)/r), from the SEMTEX refinement of

HNPBL@. Before Fourier inversion, the data were multiplied by a
factor of s exp(—0.00002?)/[(Zc — fc)(Zp — fp)].

The interatomic distances all agree to within 0.3 pm, with the
average G-H distance are increased by this amount. Experi-

Kafka et al.

of vibration @, given in picometers) from the SARACEN,
DYNAMITE, and SEMTEX gas-phase electron diffraction
(GED) refinements of the structure of OPBwexperimental
GED coordinates from the SARACEN, DYNAMITE, and
SEMTEX refinements of OPE%U interatomic distancesry,
given in picometers) and amplitudes of vibratian given in
picometers) from the SARACEN, DYNAMITE, and SEMTEX
GED refinements of the structure of HNPBuinal GED
coordinates from the SARACEN, DYNAMITE, and SEMTEX
refinements of HNPB@J (PDF.) This material is available free
of charge via the Internet at http://pubs.acs.org.
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