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ABSTRACT: In computational chemistry, the problem of identifying the dihedral angle around a “CH2CH2” fragment of 
ethane systems is a difficult one due to solvent effects, making solutions unreliable for flexible systems. This project is to 
write a program that will, given dipolar and vicinal coupling constants from NMR, be able to fit a dihedral angle for the 
gauche conformer, trans conformer, and their relative proliferation in solution holistically. The program obtains structur-
al data from the user, narrows down a list of dipolar couplings using singular value decomposition, and then superimpos-
es structures to find a fraction gauche with best fit. The program then uses this value for the gauche fraction in the 
Haasnoot-Altona relation to back calculate a dihedral angle for the gauche conformer. This method is both chemically 
intuitive and mathematically sound, and it reliably provides dihedral angles for a variety of rotationally dynamic systems.

 

BACKGROUND  

 
    In recent times, nuclear magnetic resonance spectros-
copy (NMR) has become the tool of choice for chemists 
who need to obtain structural information for organic 
molecules. It delivers a wealth of information very quick-
ly, much of which is hard to analyze without the help of 
specialized software and a trained eye. However, even 
with modern computational facilities, there is still no 
good way to determine accurate structural information 
for molecules that rapidly interconvert between different 
conformations. NMR simply does not have the time reso-
lution to image each conformation that something can 
take so any structural data gleaned from the NMR is then 
a time average of the real states. This presents a serious 
problem: the “averages” we derive from NMR experiments 
cannot directly confirm our structural guesses. For exam-
ple, succinic acid is a rotationally flexible molecule that 
strongly prefers a gauche conformation in water. This is 
due to the gauche effect, which changes the molecule’s 
dihedral angle from the classically held 60°. Current soft-
ware solutions still output or even assume these stereo-
typical dihedral angles despite the fact that the angles can 
be computed directly from NMR data. Also, current soft-
ware does not solve for conformer populations and also 
has difficulties in accounting for solvents. The goal of this 

research therefore, was to contrive of a software solution 
that can, given structural input and NMR data, output the 
dihedral angles for a given molecule’s gauche and trans 
conformers and the relative abundance of each popula-
tion. This was found to work on a large variety of mole-
cules that can be treated as disubstituted ethane frag-
ments. The software has not yet been adapted to work on 
trisubstituted or fully substituted ethane systems; howev-
er, the disubstituted case acts as proof of concept of the 
idea that dihedral angles can be calculated for rotationally 
dynamic systems. 
 

METHODS  

 

    The program, RSpin, was written in the popular script-
ing language Python 2.7, in four separate modules made 
to handle different facets of the problem. The first mod-
ule written was “inputparser.py,” a module built to read 
common structure files used widely in computational 
chemistry. It contains several parsers for a variety of for-
mats, manual input subroutines, and error checking for 
input files. The second module was “coord.py” which con-
tains plotting functions, functions to retrieve geometries 
from structure files, and a molecule object class that 
wraps a coordinate system, atoms, bonds, and geometry 
for a given input molecule into a common class. The third 
module is the main function “gui.py” which contains a 



 

graphical user interface class that presents a simple 
mouse button driven interface for the entire program. 
Finally, the last module is “moleculemath.py” which as 
the name implies, contains all functions relating to calcu-
lation of secular constants, conformer populations, and 
dihedral angles from input dipolar couplings. 

   In order for the program to work, it must first be given 
structural data in the form of Cartesian Coordinate files. 
This file format was selected as it can be used by the pop-
ular software ChemBioDraw and by the OpenBabel pro-
ject, and is simple to parse unlike more well-known for-
mats such as MOL 3000 and Protein Database formats. 
The structures of the Cartesian Coordinate files are given 
in Figure 1.  In order to create conformations to test, the-
se files may be rotated by OpenBabel’s “obrotate” pro- 

Figure 1: An example of the coordinate file format  

gram or individual files may be generated from ChemBi-
oDraw’s dihedral driver module. The module “input-
parser.py” accepts this input format and decomposes it 
into a single list, the entries of which are atoms, labels, a 
tuple of coordinates, and a tuple of linked atoms. The 
main function of the program then accepts this list and 
passes it to the molecule class to store each parsed input 
file as an individual molecule. After the program stores 
structural information for all given conformations to be 
tested, it must be given a single set of NMR data from the 
test molecule. In order to calculate dihedral angles the 
program must be given: dipolar couplings and assign-
ments, vicinal couplings, λ values for the 1994 repara-
metrization Haasnoot-De Leeuw-Altona (HLA) relation, a 
theoretical gauche angle, and a theoretical trans angle 
upon which to iterate.  

    The secular couplings are gathered in a variety of ways. 
They may be derived from liquid crystal NMR studies, 
lyotropic NMR studies, or other well-ordered media stud-
ies of molecules in a variety of solvents. For this program, 
spectra of various gauche preferring and trans preferring 
molecules in lyotropic solutions were used as test cases, 
generated by another 2012 SURF student, Ben Arbeiter. 
The lyotropic solution was prepared with myristyltrime-
thylammonium bromide (MTAB) as the ordering media 
and D2O as the solvent. The final solutions consisted of a 
total of 2.15% of the test molecule, approximately 31% 
MTAB, 61% D2O, and decanol to balance. Spectra of these 
solutions are iteratively fit in gNMR, a program that can 
simulate spectra and calculate couplings from those simu-
lated spectra. When a table of dipolar constants is gener-
ated, these couplings are then assigned to an interspin 
vector representing a bond in the molecule or a vector 
through space connecting nuclei. These assignments are 

manually correlated with the labels that RSpin reads from 
coordinate files, and then the assignment / coupling pair 
is put into a comma separated value (CSV) file.  This CSV 
file is a common type of spreadsheet file that can be 
opened by any spreadsheet program, and the format was 
selected for RSpin as it is notably easy to parse. The for-
mat of one of these files is given in Figure 2.  

Figure 2: Format of the comma separated values file with 
example data in the third line. The format is space separated 

as is the Cartesian Coordinate file. 

The last four inputs for RSpin may also be gathered in a 
number of ways. The vicinal coupling data used to test 
this program was taken from gNMR when the secular 
couplings for the test molecules were calculated. The 
electronegativities used in the HLA relation were calcu-
lated in house (Bendelsmith, 2011) for a variety of substit-
uents in myriad solvents. Finally, the theoretical input 
angles are calculated using SPARTAN ’10. Note that these 
angles are starting points upon which RSpin may operate 
and they are in no way assumed to give an end product. 
These values are used to generate a chemically valid frac-
tion gauche in later calculations. This calculation of frac-
tion gauche is what allows RSpin to solve for rotationally 
dynamic systems and when combined with information 
from the dipolar couplings, RSpin can select a best fitting 
dihedral angle. 

 

THEORY 

 

    The first type of NMR data on which the program oper-
ates is the secular coupling, also known as the dipolar or 
D coupling. The dipolar coupling between two spins A 
and B is given by:  

 (1) 

  (2) 

    R is the distance between both spins, θ is the angle of 
the interspin vector with the external magnetic field, κ is 
a constant term defined in (2), and γ represents the gy-
romagnetic ratio of the spin A or B. It is important to note 
that the cosine term is in brackets, as in isotropic solu-
tion, the molecule is tumbling in all directions such that 
there is no net alignment with the magnetic field. There-
fore the alignment that exists, if any, is an average and in 
isotropic solution averages to zero, which is why no dipo-
lar couplings are seen without ordered media. These dipo-
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lar couplings give information about the distances be-
tween spins, which in rigid cases is enough to completely 
determine geometry. A more relevant equation that has 
been shown to be equivalent to (1) by Kramer and 
coworkers in 2003 is: 

 (3) 

    In this equation, rT and r are unit vectors corresponding 
to the interspin vector. A is the commonly used align-
ment tensor which is rooted in the probability ellipsoid 
that governs the alignment of the interspin vector with 
the magnetic field. In this equation it is still time aver-
aged as the alignment tensor changes with molecular mo-
tion, however in anisotropic media there is a definite 
alignment tensor due to restricted movement and A is 
nonzero. The alignment tensor is 3x3, real, symmetric, 
and traceless and therefore consists of only five inde-
pendent parameters Axx, Axy, Axz, Ayy, Ayz: 

 (4) 

    If the unit vector is set equal to some vector , 
where , and if D is a vector of five dipolar 
couplings, the alignment tensor can be multiplied by the 
five corresponding unit vectors to give a simple equation 
of the form , given in equation 5. 

 

    If five dipolar couplings are known, and corresponding 
unit vectors are supplied, this equation can be solved with 
a least squares method to give the five independent pa-

rameters of the unit vector. If more than five dipolar cou-
plings are available, the list may undergo singular value 
decomposition (SVD) to generate the five best dipolar 
couplings to use. SVD is a form of eigendecomposition 
that will calculate a singular value – the square root of the 
eigenvalue - for each dipolar coupling. If these values are 
placed in ascending order, the corresponding dipolar 
couplings will be placed in the order in which they should 
be used. The top five couplings are those values with the 
lowest eigenvalues, and thusly the least covariance. The 
values of least covariance are desired as they represent the 
values that will produce the best line of fit for the data set 
and if they are used to calculate an alignment tensor, the 
best fitting alignment tensor for the given dipolar cou-
plings. This alignment tensor can then be used to back 
calculate other dipolar couplings filtered by the SVD algo-
rithm. Finally then, the root mean square deviation 
(RMSD) between the calculated and experimental data set 

is calculated and used as a single measure of how well the 
given dipolar couplings fit a given structure’s alignment 
tensor. The equation used to calculate RMSD is given in 
(6). 

 (6) 

    The structure that gives the minimal RMSD is the best 
fitting structure, and if several structures are loaded into 
the program that represent one degree rotations about a 
single carbon-carbon sigma bond, then the best fitting 
structure represents the true dihedral angle of the given 
molecule. This is only true for rotationally inflexible mol-
ecules however. If there is anything other than a strong 
preference for one conformer, for example if the prefer-
ence is less than 95% for one conformer, then the D cou-
plings / RMSD method will not work alone.  

    In the case of flexible molecules, there is yet more in-
formation to be gleaned from the NMR, in the form of J, 
or scalar, couplings. These couplings arise from the spin 
Hamiltonian, which in isotropic solutions consists of only 
the contribution from magnetic interactions between 
nuclear and electron spin. They can be used to determine 
the relative arrangement of groups on a backbone and 
also to determine fraction gauche (vide infra).  In any 
case, these J couplings may be determined directly from 
the NMR spectra, or if the molecule’s geometry is known, 
estimated with any of the equations in the family of Kar-
plus curves. One can also, given J couplings from experi-
ment, estimate dihedral angles using these curves, how-
ever in flexible cases this method is of dubious accuracy at 
best. To solve for flexible systems, the system’s conformer 

population must first be deduced using the following 
simultaneous equation 7: 

(7) 

    The first equation states that observed couplings are a 
weighted sum of the fraction gauche and trans multiplied 
by the coupling in an all gauche population and the cou-
pling in an all trans population. The second equation 
states that the fraction gauche and trans sum to one. The 
final equation is the 1994 reparametrization of the HLA 
relation which accounts for group electronegativities in 
its estimation of J couplings. The general idea is to use the 
third equation to estimate  and , which are then used 



 

in the first equation with observed couplings to find the 
fraction gauche.  

    After a fraction gauche has been found, then the flexi-
ble case may be solved through a combination of these J 
and D couplings. This combined approach is the key to 
breaking down the conformational averaging seen in the 
NMR. It works by assuming that the dipolar couplings 
gathered from the spectrum are a weighted average of a 
single gauche conformer’s dipolar couplings and a single 
trans conformer’s dipolar couplings. This assumption can 
be made safely in disubstituted systems where the gauche 
conformers are symmetric. However in ethane fragments 
with a greater number of substituents this symmetry as-
sumption fails to hold and more terms must be added to 
the weighted average to account for the lack of symmetry, 
which is an issue in current research. Equation 8 shows 
the main equation derived from this assumption: 

 (8) 

    As this function is a bijection, there exists only one pair 
of gauche and trans molecules for a given fraction gauche 
such that the difference between the calculated dipolar 
couplings and the observed dipolar couplings is mini-
mized. As the fraction gauche can always be determined 
reliably, the error in this method is only limited by the 
error in the original set of dipolar couplings. In summary 
then, the method to solve for rotationally flexible systems 
is to determine a fraction gauche, and then fit all possible 
gauche and trans pairs using equations 8 and 6 to effec-
tively treat each conformer as its own rigid molecule and 
use dipolar couplings to assign geometry in this rigid case. 

 

RESULTS / DISCUSSION 

 

    The first experiment tested with RSpin was to fit ob-
served dihedral angles for five molecules: tetramethyleth-
ylenediamine oxide (TMEDO), β-alanine, a trans standard 
- trimethyldimethylbutylamine (TMDMBA), the diacid 
and dianion of succinic acid, and ethanolamine. These fits 
are then compared to angles derived from molecular sim-
ulation in order to provide a basis of comparison. Dihe-
dral angles are given in Table 1. For each molecule the 
average RMSD of fit was less than .4. This indicates a 
good quality fit for all molecules, as if this average RMSD 
is above .4, it suggests that either the input structures are 
poor and do not fit the molecule, or that the dipolar data 
input is high in error. Because the dipolar data fits are 
difficult to iterate further and improve, the easiest way to 
get better quality fits is to check minimization schemes 
and use better structures. Both MMF94 minimization 
(RMS Gradient of .01) and MM2 minimization schemes 
were used to generate structures. MMF94 gave lower av-
erage RMSDs however MM2 was very close and much 
faster, so it was chosen for all of the molecules.  
 

Molecule Observed 
Gauche 
Angle 

Simulated 
Gauche  
Angle 

Observed 
Trans 
Angle 

Simulated 

Trans Angle 

TMEDO 78 65 180 180 

B Alanine 73 56 180 180 

TMDMBA 36 110 180 180 

Succinic Acid 79 74 175 175 

Succinate 
Dianion 

52 60 180 180 

Ethanolamine 78 56 180 180 

Table 1: A table of observed dihedral angles fit using RSpin 
with lowest energy conformers displayed for comparison. 

    It is important to note that the simulated angles do not 
account for solvent effects and have very difficult and 
time consuming methods for doing so. RSpin can only fit 
on couplings gathered from solution and as such is forced 
to account for solvent effects. To demonstrate this differ-
ence, instead of fitting to 360 one degree rotation files, 
RSpin was only given structures generated from a con-
former search and made to select which lowest energy 
conformer most accurately reflects the NMR data. The 

results of this experiment are shown in Table 2. 

Table 2: A table of the lowest energy conformer and the con-
former selected by RSpin to best represent the NMR data 

    It is important to note that tests will not be consistent 
with each other for a number of reasons. Firstly, in the 
latter experiment, the number of conformers for each 
molecule was in the range of 2 to 500 depending on how 
many energy minima the conformer generator can find. 
For succinic acid, there were ~300 conformers in the 70-
80 degree range and as such the lowest energy minima 
were found in this range. For ethanolamine, RSpin only 
had to choose between two structures and therefore has 
high accuracy with fewer conformers. Secondly the struc-
tures are completely different. In the former experiment 
all atoms are essentially static except for any displace-
ments made necessary after rotations about the central 
sigma bond. If two groups are to collide after rotation, 
this is not accounted for due to the nature of the rotation 
program, thus producing some chemically invalid struc-
tures and poorer fits. In the latter experiment, all con-
formers are chemically valid and have not only different 
dihedral angles but the groups are minimized, and thusly 

Molecule Lowest Energy  
Gauche Angle 

Selected Angle 

TMEDO 65 82 

B Alanine 56 56 

TMDMBA 110 85 

Succinic Acid 74 91 

Succinic Dianion 60 76 

Ethanolamine 56 56 



 

rotated at different angles to avoid collisions depending 
on the dihedral angle. 

 

CONCLUSIONS / FUTURE WORK 

 

Combining data from each type of coupling allows for 
fitting of dihedral angles in rotationally flexible systems. 
The current embodiment only functions for simple disub-
stituted ethane fragments however. The current embodi-
ment also assumes good NMR fits, and good structural 
inputs, which may not always be given. Finally, this 
method assumes tetrahedral geometries on the central 
carbons, as the HLA/Karplus relations will not function 
accurately without this geometry assumption.  

   After this investigation however, one thing is still un-
clear, and this is the overall effect of solvent on backbone 
angles. Further investigation must be carried out using a 
variety of solvents on a test molecule to examine trends in 
dihedral angle given solvent characteristics like dielectric 
constant, proticity, and pKa. Another SURF student from 
2012, Gregory Moore, found trends in fraction gauche in a 
large list of solvents, so if dipolar couplings for his mole-
cule were found and fraction gauche values substituted 
in, one could find the exact trend between solvent and 
dihedral angle. In any case, RSpin and more importantly, 
the theory behind it, have proven to be useful tools in 
conformational studies. 
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