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DETERMINATION OF A BARRIER TO INTERNAL ROTATION

OBJECT:  To gain an understanding of how kinetic information can be obtained from an NMR line shape and to determine the activation parameters for internal rotation of the N,N-dimethylamino group in N,N-dimethylacetamide.

REFERENCES:

R. J. Abraham and P. Loftus, "Proton and Carbon-13 NMR Spectroscopy", Chapter 5 [an introduction to Fourier-transform spectroscopy] and Section 7.4 of Chapter 7 [a discussion of kinetic applications of NMR], Heyden and Sons, London, 1980.

F. P. Gasparro and N. H. Kolodny, J. Chem. Ed., 54, 258 (1977)  [a discussion of the experiment].

EXPERIMENTAL:

A sealed, degassed sample of N,N-dimethylacetamide (11 mole-%) in perdeuterio  dimethylsulfoxide (89 mole-%) will be provided by the instructor.  The sample contains a trace of water.  Treat the sample tube with care as the sample preparation is a tedious procedure.  The tube has been pressure tested to 160(C and can be used safely up to that temperature.  UNDER NO CONDITIONS SHOULD THE NMR PROBE TEMPERATURE BE RAISED ABOVE 160(C IN THIS EXPERIMENT.  At a sufficiently high but unknown temperature, the tube will explode and severely damage the NMR probe, a $20,000 component.

The NMR measurements will be made on a Bruker DPX 400 MHz pulsed Fourier-transform spectrometer.  The heart of the instrument is a very powerful 9 Tesla superconducting magnet and special safety precautions must be made. No one who has a pacemaker, neurostimulator, or other type of implant will be allowed in the room housing the spectrometer.  Do not bring any magnetic materials such as nails, screws, tools, etc. into the room.  Please note that the magnet can erase credit cards and diskettes and ruin mechanical watches.  

OUTLINE OF THE PROTOCOL FOR THE BRUKER

1) Logging on

a) Place your billfold in the rack provided.  Do not bring any magnetic materials in the room.

b) Log on to the student account on the SGI workstation ernst whose full address is ernst.pomona.edu.  The password is sage_hen.

c) Open an Xwindows Unix shell and start the NMR program by entering xwinnmr (all lower case).

d) Load the Barrier, the file which defines the default values of the spectrometer parameters for the experiment and the sample by completing the following set of mouse clicks:

File

Open

Datasets by Name

Barrier

Sometimes, the path is set for an account other than student.  The path should first be set for the normal student folder by executing the following set of mouse clicks:

File

Open

Data set owners

student

e) Create your own copy of the setup file with the following set of input:

File

New

Provide a new, unique file name in the field provided.  All later changes will be made in your file rather than barrier.

f) Open the Lock window using the following menu mouse clicks:

Window

Lock

Do not close the Lock window in the standard SGI manner by clicking on the minus sign in the upper left-hand corner of the window.  This action will create an error condition for the next user.  There is no need to close the window but if you must, click on the Quit button at the bottom right of the window.

2) Introduction of the sample.

a) Remove the black cap covering the sample port.

b) Eject the sample already in the probe using the spectrometer keypad.

c) Insert your sample tube in the ceramic rotor.  Use the depth tool to determine the position of the tube in the rotor.

d) Place the tube in the sample port.

e) Drop the tube/rotor assembly into the probe using the spectrometer keypad.

e) Cover the sample port with the black cap that keep dirt out of the magnet bore.

g) Using the spectrometer keypad, initiate spinning of the sample at a rate of ca. 20 Hz.

3) Locking and shimming

a) As needed, the instructor will tune the probe for the solvent DMSO.  The relevant command is wobb.

b) Lock the spectrometer for the solvent by entering the command



lock 


and select the solvent name from the list.  (The generic command is lock solvent_name.)

c) Load the shim set for the experiment by entering



rsh bbi

(bbi stands for broad-band inverse probe, the name for our probe.)


d) Using the spectrometer keypad, manually shim the magnet.  Use only the z1, z2, and z3 shims.  The sample must be spinning during this step.


e) Initiate shimming based on the simplex algorithm by entering the command

 tune

Select the z1-z2-z3 option.   Once the autoshim procedure has been completed, proceed with the rest of the experiment.


4) Measurement of the spectrum at ambient temperature


a) The setup file selects the simplest, one-pulse experiment whose name is zg30.  The pulse program waits D1 seconds (the relaxation delay is set to 10 s), turns on the transmitter for 2.5 (sec (this results in a 30(rotation of the magnetization), waits 4.5 (sec, and then samples the free induction decay (fid).  The transmitter power is set for 3 dB.  At this level, a 90( pulse is 7.6 (sec.

b) Set the spectrometer gain by entering 

rga


c) Execute the pulse sequence by entering 


zg.

Note that Bruker uses the same name for the command which runs any pulse sequence and the simplest pulse program.

d) Fourier transform the fid by entering

ft.


e) Phase the spectrum by entering 


apk.

apk determines the phase angle and then uses the result to obtain a 100% absorption signal.


f) Measure the frequencies in Hz of the peaks in the spectrum.  Go into peak-picking mode by clicking the left mouse key when the cursor is in the spectral display window.  A new window appears which gives the intensity and frequency at the position of the spectrum marked by the cursor.  The spectrum may be expanded with successive clicks of the middle mouse key.  Pay careful attention to the acetyl methyl peak.  If it has a poor line shape, further shimming and a re-acquisition are warranted.

The spectrum consists of a singlet due to the acetyl methyl group, two singlets due to the amino methyl groups, and a weak singlet due to a trace amount of water. At ambient temperature, there is no contribution to the spectral line shape from the interconversion process as it is too slow.  Hence, the separation of the two amino methyl singlets gives directly the chemical shift difference of the two amino methyl protons.  This is not the case at elevated temperatures where the peaks merge and the peak separation is less than the chemical shift difference  

g) Measure the half-width at half-height of the acetyl methyl peak.either manually or by entering the name of a convenient macro


hwcal.


5) Kinetic Measurements.  Starting at 75(C, you will measure the fid and obtain the spectrum of the amide until the two amino methyl singlets have coalesced.  Spectra will be taken at 5(C intervals.  You will need to readjust the homogeneity at each temperature.  Carefully examine the line shape.  The acetyl methyl peak should be sharp and the aminomethyl peaks should be free of shoulders.  At higher temperatures a sharp water signal will overlap with the aminomethyl peak.  If the peak shapes are not acceptable, further shimming will be necessary.  When you obtain an acceptable spectrum, set the variable temperature control for the next temperature (5.0(C) and analyze the results.  Do not acquire another fid until the results already acquired have been analyzed.  

At each temperature, determine the following information: the half width at half height of the acetyl methyl singlet and a table of peak height versus frequency in Hz for the amino methyl signals.  The frequency scale should be adjusted so that the center of symmetry of the amino methyl spectrum is zero.  Collect enough points including information at the extrema so that you could reproduce the spectrum if needed using graph paper or a graphics routine such as Excel.  Usually 20-30 points are sufficient.  When an acceptable spectrum at the maximum temperature is obtained, turn off the temperature controller so that the NMR probe will be cooling back to ambient temperature while you process the last fid.

a) Set the variable temperature unit for the desired temperature.  The command to access the temperature controller is

edte.


b) Wait until the temperature reaches the set point, manually reshim, and re-excute the computer shimming procedure with the tune command.  Once again, select the z1-z2-z3 option.  Since the shimming characteristics of the probe depend on temperature, it is important to carefully reshim with each change of temperature.

c) Acquire an fid and process it using steps 4c-4f.

d) At each temperature, you need to determine the half width at half height of the acetyl methyl peak.  This step can be performed manually in peak picking mode by expanding the acetyl methyl peak and by reading the information directly from the screen or automaticlly be executing the hwcalc command.

d) You also need to obtain a list of intensity and frequency in Hz for the amino-methyl portion of the spectrum. The cm intensity scale is most convenient for this experiment. Set the frequency scale on the horizontal axis by clicking on the appropriate button on the lefthand panel.  To redefine the frequency scale, click on the CALIBRATE button on the left, set the cursor on the peak chosen for the calibration step, click with the middle mouse key, and answer the dialogue.  You will be asked to provide the frequency of the peak position in Hz. 


6) Shut down.


a) Turn off the variable temperature unit and wait until the probe temperature is close to ambient temperature.

b) Eject the sample and insert the sample of DMSO-d6

c) Exit the program.

d) Log off the work station.

e) Don't forget your wallet and watch.

CALCULATIONS:


The general approach of the calculations is outlined in the article by Gasparro and Kolodny.  From the line shape of the two aminomethyl signals, you will calculate the unimolecular rate constant, kf  as a function of the Kelvin temperature.  To this end, you will use the nonlinear regression feature of NCSS to fit the digitized spectrum, i.e. table of intensity versus frequency, to a function derived by Gutowsky et al. The fit of your data at each temperature to the  function yields not only parameters but also 95% confidence intervals..

The strategy of using a non-linear regression routine is different from that applied in a linear fit.  Covergence is assured in a regression with a linear fit irrespective of the quality of the data.  Furthermore, a linear fit does not require initial estimates of the parameters to be obtained.  A non-linear fit, however, depends on the linearization of the function to be fit by a Taylor series expansion about the current estimate of the parameters.  If the initial estimates are very poor or if the data are poor or insensitive to the parameters, the procedure may either diverge or converge to a false minimum.  The use of the Taylor series requires successive interations.  In each interation the values of the parameters are improved with rapid convergence if the initial estimates are sufficiently good.

The relationship between intensity and frequency depends on four parameters: a scaling parameter, A; the chemical shift difference between the two amino methyl groups, (A - (B; the relaxation time for the internal rotation, (; and the half width at half height, ((.  Since the intensity is directly proportional to the scaling factor A, no special care is needed in providing an estimate.  We have found that an attempt to fit the data to the half width at half height generates unacceptable results.  Hence, this parameter is not adjusted and the half width at half height of the acetyl methyl peak is used as a substitute for the value of the amino methyl protons.  This parameter is a measure of relaxation and the residual inhomogeneity of the magnetic field.

Care must be taken in generating estimates of ( and (A - (B as the relationship between intensity and these parameters is highly non-linear. An excellent estimate of  (A - (B is given by the separation in Hz of the amino methyl peaks at room temperature where there is a negligible kinetic contribution to the line shape.   However, a good value of (A - (B can not be extracted from the broad spectra near and above the coalescence temperature.  Hence, pay very careful attention to the standard error of the value of (A - (B  generated from each least squares fit.  A significant increase in its standard deviation indicates that its value and the value of ( are biased.  In this case  you must repeat the fit and not adjust the value of (A - (B  in the recalculation. For its estimate, use the average of the values generated from the fits that yield acceptable statistics.

The procedure for generating an estimate of ( depends on the characteristics of the spectrum.  For non-coalesced spectra, the estimate is generated from the ration of the peak-to-valley intensities with the assistance of the graph included with this protocol.  The following terms are used on the graph: HALFW for the half-width at half height; DELNU for (A - (B. The estimate for coalesced and nearly coalesced spectra is obtained via a bootstrap procedure from the results obtained at the lower temperatures.  If fitted values of (are generated from the successful analysis of at least 2 spectra, a linear plot of ln(() versus 1/T can be extrapolated and an acceptable estimate of ( can be read from the graph.


This section explains how to analyze the NMR line shape using Nonlinear Regression module of the NCSS software..  For each temperature, create and save a spreadsheet in which the frequencies are in the first column and the intensities in the second.  The label for the first column must be FREQ; and the second, INT.  Each row of the spreadsheet corresponds to one point on the spectrum.  The data pairs can be entered in any order.  

Once the data have been entered, access the template for the regression by clicking on the Regression/Correllation item in the Analysis menu and select the Nonlinear Regression module.  When the NCSS template opens, use the Template tab the pre-defined template for the experiment called NMR.  All default and defined templates are stored in a single file, NMR.15, which must be located in the SETTINGS subdirectory of NCSS.  The equation for the NMR line shape which is quite ugly is already defined in the NMR template so the user is spared the misery of entering it correctly.

You do have to edit a few items on the Model tab of the NMR template.  First insure that the column containing the intensity data has been selected as the Dependent Variable.  Next, bounds and initial estimates on the parameters have to be provided in the section labeled by Parameter Name.  The parameters in the equation are given the generic names A, B, C, and D where A corresponds to the scaling factor; B, to the value of tau in seconds; C, to the chemical shift difference in Hz; and D, the half-width at half height in Hz.  Provide for each of the four parameters in the Parameter Name  section the following information:

1) the name of the parameter (A, B, C, or D).  Do not change this unless you want to edit the complicated equation which defines the line shape.

2) the lower bound on the parameter (0 in each case).

3) the initial estimate of the parameter or the final value in the case where the parameter is not adjusted.

4) the upper bound on the parameter.

(Items 2-4 are input in the same field but are separated by commas.)

Setting the bounds prevents the routine from wildly diverging and provides a means of marking parameters which will not be adjusted, e.g. the value of (( for all spectra and the value of (A - (B for coalesced and nearly coalesced spectra.  To disenable the adjustment of a parameter, set the initial estimate equal to the lower bound and set the upper bound very slightly higher than the lower bound.  The program will balk if the upper and lower bounds are equal.  For example, if the value of (( is 0.25 Hz, set the lower bound and estimate (actually the final value) to 0.25 and the upper bound to 0.2501.  The selection of the initial estimates of ( and (A - (B are discussed elsewhere in this document.  If the intensities are in the range 0-100 units, try 1000 as the initial estimate for A.  Otherwise scale accordingly.  Try the following values of the bounds on parameters which are adjusted:


parameter   

NCSS name  lower bound   upper bound


scaling factor         A
                  0           
2000


(                

B        
       0           

   1


(A - (B 

C           
       0 

            10


Kinetic analysis.  A non-linear regression analysis yields best-fit values of ( from which k = 1/( can be calculated.  k is the net macroscopic rate constant for the interconversion of the two amino methyl groups.  Since internal rotation converts dimethylacetamide into an equivalent form, the equilibrium constant for this process is unity and the forward and reverse rate constants (kf and kr respectively) are equal.  Furthermore, kf = kr = k/2 =1/(2().  You want to calculate kf since it is the rate constant for an elementary step.  One goal of the experiment is the analysis of the temperature dependence of kf from which activation parameters can be calculated.  A well known but outdated empirical relationship is the Arrhenius equation, kf = Aexp(-Ea/RT).  If a theoretical or molecular interpretation is desired, a much better  model is the Activated Complex Theory (ACT) of Henry Eyring.  The latter approach will be used here.  You are asked to calculate the enthalpy, entropy, and Gibbs free energy of activation at the coalescence temperature and the coalescence temperature.

According to the ACT, kf =  (kBT/h)exp(-(G†/RT) (eqn. 1) where kB is the Boltzmann constant.  Since (G† = (H† - T(S†  (eqn. 2), equation (1) can be rearranged to yield kf  = (kBT/h)exp((S†/R)exp(-(H†/RT) (eqn. 3).  It follows that

        Rln(hkf /kBT) = (S†  - (H† (1/T)   (eqn. 4)

In other words, a regression of Rln(hkf/kBT) versus -1/T  (minus 1 over T) yields (S† as the intercept and (H† as the slope.

As long as the relationship is linear, i.e. if (Cp†  is small, the values of (S† and (H† are fairly temperature independent.  (G† depends strongly on temperature so a temperature must be specified in its calculation.  You are asked to calculate (G† at the coalescence temperature.  This is a common choice.  This quantity is obtained in an indirect manner.  One first calculates the rate constant at coalescence, kc, using the relationship

                   kc =  [(((A - (B)]/20.5  (eqn. 5)

where (A - (B  is the chemical shift difference of the two aminomethyl protons.  Recall that (A - (B  is not equal to the peak separation when there is a kinetic contribution to the spectrum, i.e. in your spectra at 75(and above.  With kc in hand, the coalescence temperature, Tc, can be calculated from regression equation 4 and the values of (S†  and (H†.  However, a trick is required as T enters in both sides of the equation.  Your spectra yield upper and lower bounds for Tc.  Insert the average of the bounds, your best estimate for the root of the equation, into the left side of equation 4 and solve for T.  Re-insert the result into the left side and resolve for T.  Continue until the calculation converges.  Convergence with this method of successive approximations is rapid.  Equation 2 is finally used to yield (G† at coalescence.  This final result is not only temperature dependent; it is also instrument dependent as it depends on (A - (B In spite of literature claims to the contrary, a direct comparison of literature values (G† at coalescence cannot be made. (H† is the more useful quantity.

Although it is traditional to report Tc, a comparison of Tc and (G† values obtained at different field strengths (NMR frequencies) is meaningless as the value of kf at coalescence depends on the spectrometer frequency.  Unfortunately, this important point is often neglected in the literature.

Statistics.  Pay careful attention to the standard deviations of the parameters.  Large values indicate a poor and hence useless fit.  The parameters should have positive values that lie within the selected bounds.  If a parameter converges to either the upper or lower bound, something has gone awry.  Perhaps the bounds are too narrow or the initial estimate is incorrect.  

Report confidence intervals for all fitted parameters.  A result with no estimate of its uncertainty is useless!  In some cases the regression analysis yields the standard deviation of the parameter, e.g. the values of the enthalpy and entropy of activation.  Obtain the 95% confidence interval of the parameter by multiplying its standard deviation by the appropriate Student’s t value.  The NCSS report will yield the standard deviation for the value of (.  Use a propagation of errors analysis to obtain the confidence interval for kf from the confidence interval for (.  Similarly calculate the confidence interval for the Gibbs free energy of activation from the uncertainties of the enthalpy and entropy of activation.  You will need to include the covariance term in this final calculation.  Be wary of roundoff error.  You will obtain an important but counterintuitive result if you perform the calculation correctly.
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