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1. Introduction 

One often meets with dynamic processes while dealing with experimental NMR spectroscopy. 

Dynamic exchange may appear as the migration of acidic protons in a protic solution or as the 

classical line broadening and coalescence phenomenon. The simulation of the line broadening 

gives way to study exchange process in question quantitatively. This method is used in 

several fields of chemistry, e.g. in studying the stability and isomerisation reactions of 

transition-metal and supramolecular complexes as well as the dynamics of ring inversions and 

other stereoisomerisation reactions.  

Simulation of dynamic NMR spectra (relying on chemical shifts and coupling constants) of 

spin systems with more than 10-15 nuclei can only be performed in some special cases (where 

simplification can be done due to molecular symmetry). The most widespread method for the 

spectrum simulation is the calculation of the evolution of the average density matrix of the 

single quantum coherences. The main problem of this method is the memory requirement of 

the simulation thus the most important aim in the development of new programs is the 

decreasing of the effective size of the density matrix (e.g. leaving trivially zero elements, 

simplifications using the symmetry of the spin system).  

There is a well-known explanation of dynamic NMR phenomenon which describes the 

exchange among uncoupled spins with different chemical environment quantitatively. In the 

case of more complicated, coupled spin systems this method gives phenomenological 

description only. According to this model the signal detected is given by the macroscopic 

magnetization vector known from the vector model. If the nucleus changes environment the 

precession frequency of this vector alters and a breakpoint appears in the detected signal. The 

frequency of the exchanges affects the NMR linewidth as well as its shape: in a rarely 

exchanging system there are two signals which broaden as the speed of the exchange reaction 

increases. When the speed of exchange exceeds the difference of the frequencies of the two 

signals the consequence of the repeated frequency alterations is that only the average of the 

two frequencies can be detected. In the original model exchange points are determined by 

comparing a random number and the decay rate of the species at given time points to decide 

whether exchange occurs or not at that point. The sum of a few hundred signals generated 

using this algorithm the resulting curve is the simulated spectra which fits well to the 

experimental one. As random numbers are used in the simulation this calculation is called the 

Monte Carlo simulation of dynamic NMR spectra. In the theoretical part of the dissertation 

this model is improved to quantitatively describe exchange processes in coupled spin systems. 
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One of the main disadvantages of Monte Carlo simulations is that many data points calculated 

with different parameter sets are required to obtain accurate data which usually takes much 

computation time. The most common way to increase the speed of the program is 

parallelisation. This programming trick is very effective in case of Monte Carlo simulations as 

the repeated calculation steps are independent of each other. Different parts of multithreaded 

programs can run parallel on the processors of one or more computer thus calculation time 

decreases proportionally. 

Besides traditional parallelisation methods the most recent multithreading technique is the use 

of GPGPU video cards (General Purpose computing on Graphics Processing Unit). The 

essence of this technology is that the parallel program threads (possibly thousands of them) 

perform the same operation on different data very efficiently. This makes the technology 

extremely suitable for vector and matrix operations and for such simulations those require the 

same row of operations on different parameter lists to be performed independently. Examples 

in literature show that these simulations can be 50 to 200 times faster on GPGPU than on 

CPU. 

2. Methods Applied 

During evaluation of the mathematical formalism of the simulation the Liouville-von 

Neumann equation was solved with a variety of conditions. The solutions known from 

literature were combined to get the results. In the simulation the kinetic Monte Carlo method 

was used with uncommon circumstances. Finally, the theory was interpreted by an extension 

of the vector model used in NMR theory. 

ProMoCS program was written in Java language. It was parallelised using the JDK Thread 

interface. The Java RMI technology was applied to enable the program to be run on separate 

computers. The version made for NVidia® video cards was written using the CUDA 

extension of C programming language. The results of the simulations were checked by 

comparing them to the spectra calculated by the DNMR simulation program MEXICO. 

Computer simulations were done on a PC operating with Microsoft® Windows XP™ and 

RedHat® Fedora™ 10 (Intel® Core-2 Duo 2,20 GHz processor, 1 Gb RAM). CUDA 

simulations NVidia® GeForce 8600 GT (4 multiprocessors, 32 nuclei, 256 Mb RAM) and 

NVidia® GeForce GTS 250 (32 processors, 128 nuclei, 1 Gb RAM) video cards. 
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3. Results 

3.1. Theoretical results 

1. Dynamic phenomenon was described separately from the spin interactions. By the 

separation of the two interactions the dimension of the simulation space is decreased 

drastically. New definitions were necessary for the interpretation (spin set, 

reinterpretation of conformer). A spin set is an ordered set of spins that are coupled to 

each other but not coupled to any other nuclei. In the presence of a dynamic process the 

spin set can occur in several chemical environments called conformers. The difference 

between the spin sets of the same simulation is in their time points of exchanges and 

their momentary conformations (called life path). The size of spin sets, their conformers 

and the distribution of the exchange points are common. 

2. The individual density matrix was introduced to describe the behaviour of the spin sets 

mathematically. This matrix contains the average state of the spin sets of common life 

path. These states are indistinguishable according to the principles of quantum 

mechanics, thus this average is individual macroscopically. The average density matrix 

usually used in dynamic NMR spectrum simulations averages states that can be 

distinguished theoretically as it contains the average result of the exchange processes, 

and these processes can be described by classical methods. 

3. I have derived the expressions for determining the life path of spin sets from the kinetics 

of the pseudo first order reactions and the condition of thermal equilibrium. Relying on 

these equations the probability of occurrence of the conformers, the distribution of the 

length of the intervals between two exchange points (called time slice) and the 

distribution of the product of each exchange can be determined from the rate 

coefficients based on these expressions. 

4. The key to the calculation of the signal (fid) affected by the dynamic exchange process 

is the determination of the alteration of the individual density matrix during free 

precession and at exchange points. In the dissertation the mathematical formulae of the 

two events mentioned and that of the calculation of the detected signal are presented. 

The key of these expressions is that they only describe processes inside a time slice and 

exchange processes affect the propagating operators only but leave the density matrix 

unaltered. Using the resulting equations a simple explanation of the high temperature 

averaging is shown. 
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5. There are several ways to perform the simulation from the expressions for the 

calculation of the fid. The fastest one is the calculation of the discrete fid points 

followed by a discrete Fourier transformation. Apart from this solution there is an 

opportunity to do the Fourier transformation analytically which provides a theoretically 

interesting result. Performing the transformation of the time slices separately the 

spectrum of each time slice can be determined. Knowing the probability distribution of 

the length of the time slices the expected value of the spectrum can be determined 

which theoretically equals to the sum of spectra of infinite number of spin sets. The 

alteration of the dynamic NMR signal can be explained based on the equation obtained 

which is shown qualitatively in a simple case. 

6. It was easier to evaluate the equations in 4 in the space spanned by the single quantum 

transitions. However, similar equations can be obtained in the Hilbert space (the space 

spanned by the common spin product functions) due to the separation of exchange 

processes and spin interactions. This deduction uses a more complicated solution of the 

Liouville-von Neumann equation than the one in 4. It was also proven that the resulting 

set of equations is equivalent to the one obtained in 4. The Hamiltonian of the spins 

blocks according to total spin quantum number which provides another simplification of 

the calculation. The individual density matrix can be calculated in smaller blocks as 

well. Thus the dimension of the simulation space and the memory requirement of the 

program decreases drastically again. Besides, the calculation of the detected signal is 

faster if the individual density matrix is transformed to the basis of the eigenfunctions of 

the Hamiltonian of the actual conformer in each time slice as the operator of the free 

precession is diagonal on that basis. 

7. The vector model used in the theory of NMR spectroscopy is extended to include spin 

systems with strong scalar coupling. According to the extension, instead of one 

macroscopic magnetisation vector, there is a vector for each basis pair and the linear 

combination of these vectors give the detected signal. These vectors cannot be merged 

as the events (exchange, precession) affect them uniquely. In coupled spin systems there 

are two sets of these vectors, one representing basis function pairs (or basis coherences) 

and an other for eigenfunction pairs (or eigentransitions). The conversion between these 

vector sets is possible as the eigentransitions can be written as the linear combination of 

the basis functions and vice versa. Both vector sets are necessary to interpret dynamic 

processes as during exchanges the basis functions are preserved while during precession 
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the behaviour of the eigenfunctions can be described according to quantum mechanics. 

The equations obtained for each step can be interpreted using this model. 

3.2. Practical results 

8. Based on the theoretical results and mathematical equations a simulation program was 

written on Java programming language for the simulation of dynamic NMR spectra 

(ProMoCS: Propagators & Monte Carlo formalism for DNMR Spectrum Simulation). 

This program calculates the result parallel on many threads, on the processors of one or 

more computers. The algorithm of the program is detailed in the dissertation. 

9. The most important procedure of ProMoCS was also written in C programming 

language (ProMoCS-C). This method can be called from the Java version as well. The 

role of the C version is to connect the main program to the algorithms using CUDA. 

The version of ProMoCS running on programmable video cards (ProMoCS-CUDA) has 

different algorithms for density matrices smaller and larger than 16×16 to get maximum 

performance. Apart from the application to the special architecture only slight 

modifications were made on the algorithm for large matrices. In the method for small 

matrices more alterations were necessary. 

10. The ProMoCS program set and the effect of parameters on the runtime were tested on 

hypothetical coupled spin systems (1–8 spins with 2–4 conformers). Results were 

compared to each other as well as to the runtime of MEXICO, a widespread DNMR 

simulation program based on the simulation of average density matrix. The simulated 

spectra were proven correct. Runtime of the program depends on the number of nuclei 

and the average exchange rate but is independent of the number of conformers, as 

expected. On the two video cards the GPUPU test were 5–10 and 10–100 times faster 

than the ones on CPU. 

11. Temperature dependent spectra of a few real systems were simulated with ProMoCS 

(N,N-diisopropil-carbamic acid-trimethylsilyl esther, trimethylsilyl-cyclopenta-[l]-

phenanthrene, N,N-dimethyl-para-nitroso-aniline and a gold-complex). Each example 

was described in the literature previously; the aim of the simulation was to reproduce 

the results. Five rows of spectra were calculated altogether (four 1H and a 31P NMR), 

the simulated spectra fitted well to the reference ones in all cases. 
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