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Diffusion Ordered SpectroscopY (DOSY)

An Introduction



DOSY and Diffusion

— Separation of signals from different components
— Separation is based on differences in diffusion rates of the compounds

— A reasonable difference in the diffusion rates is required for successful
separation

— Relative diffusion rates are determined
— Careful calibration of gradient strength of the spectrometer is NOT required

In contrast to the DOSY experiment:

Diffusion Experiments

— Absolute diffusion rates are determined

— Careful calibration of gradient strength of the spectrometer IS required



DOSY and Diffusion

DOSY and diffusion experiments have in common:

— identical experiments

— same pulse programs can be used
DOSY and diffusion experiments differ in:

— processing

— diffusion experiments require careful calibration of the gradient constant
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Translational Diffusion

J=dn/dt/A
J = flux
dan/dt = number molecules transported/sec
A = sampling area of the reference plane
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Translational Diffusion

() =1, e Pa2

D : diffusion coefficient
N A-0/3
A : diffusion time and O is a correction factor
for finite gradients
q: Ygo o
gyromagnetic ratio
1s the amplitude of the applied gradient
duration of the applied gradient

o <

() depends on:
size, shape, aggregation etc. of molecule
temperature
viscosity



Translational Diffusion : .g.@.

Tt
rfJ !

- A B
Effective
Field

S .................... > ® _

q [ > @ \
00— > T — O*°°A j* A
O 2 > ® \ - B
I > @ N

&/

>
B B(z)



Simple Pulse Sequence and Parametée
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Acquisition parameters:

G,: gradient strength
A: big delta’

diffusion takes place during this delay
o: little delta’

duration of the gradient pulse

diffusion also takes place during gradient pulses

As the name says, the duration for ,big delta‘ is longer than |little delta’
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The DOSY / diffusion experiment:

— In principle, the parameters G,, A or o can be varied for a gradient experiment

— Varying A or ¢ will vary the length of the pulse sequence and T, relaxation effects
will add to diffusion effects

— To avoid relaxation effects the gradient strength G, is varied



Translational Diffusion : .g.@.

Decay of magnetization as function of gradient intensity
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Mixture of water, methanol and acetone
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Setup DOSY / Diffusion Experimentir e

1. Start from a 'H spectrum:

Switch OFF sample rotation

Create new data set, change to 2D-mode

TD{F1}:

PULPROG:
TD:
D20:

D21:
GPNAM*;

P19:
P30:

24 — 32 (gradient ramp with 24 — 32 different gradient
values)

stebpgpis or ledbpgp2s
16k - 32k

100ms (,big DELTA': needs to be adjusted according to
diffusion rates of compounds)

5ms (eddy current delay)

SINE.100 (square gradient can also be used, e.g.
SMSQ10.100)

600us (spoil gradient)

2 —oms (little DELTA": needs to be adjusted according to
diffusion rates of compounds)

Note: for CryoProbes, max p30=4ms, GPNAM* = SINE.SHAPE



Setup DOSY / Diffusion Experim N

2. Calculate gradient ramp and start experiment:

— Use AU program ,dosy“to calculate the gradient ramp:
xau dosy 29532 I n

(first gradient: 2%, last gradient 95%, 32 gradient values using a linear
ramp, do not start the acquisition)

111

— Adjust receiver gain: rga”

— Start experiment: zg”

3. Optimize values for little / big delta:
— Process data with ,xf2“and phase correction
— Check signal decay:
Signals should decay to 5-10% of the original intensity
Decay incomplete: increase D20 and/or P30
Decay too fast: decrease D20 and/or P30

— Repeat acquisition



Setup DOSY / Diffusion ExperimentiCce.

The decay can be easily checked from the stacked view after ‘xf2’

Stacked plot of a diffusion spectrum
after F2 transformation. On the F2
axis some of the strong signals of a
peptide mixture are visible. The F1
axis shows the decay of the signals
with increased gradient strength due
to the diffusion of the molecules in

solution.

0,00 9.82



Ex. the pulse calibration sample | shdien

: 2D-DOSY with bipolar gradients pulprog=stebpgpis
Optlmal deCay p30=5ms, sine shape gradients a%n

d20=20ms (big delta delay )
}L _Iog(mz;‘s]

d20=100ms d1=4sec, aq=3 sec I ﬂ
processing: LWF=1 SpiSup=1
| J

sample: pulse calibration sample

A

ﬂ 15N-urea 9.3

DMSO -9
l 13C-methanol H

waten

5.5 5.0 4.5 4.0 3.5 3.0 2.5 ppm

Note: for CryoProbes, max p30=4ms, GPNAM* = SINE.SHAPE



Ex. the pulse calibration sample S C¥cE

decay incomplete decay too fast
d20=50ms d20=200ms




DOSY processing L

1. Setup processing parameters:

xau setdiffparm

edp

eddosy

2. Processing:

xf2

Phase correction
abs2

dosy2d, dosy3d

copy acquisition parameters to DOSY processing
parameters (little delta, big DELTA, gamma,..)

edit parameters for FT in F2-dimension and number of
points in the diffusion (F1) dimension

Note: DOSY processing requires good S/N, therefore
window functions like EM with high values for LB, e.g. LB=5
might be required.

edit processing parameters

F2 Fourier transformation

F2 automatic base line correction
calculate the 2D or 3D DOSY spectrum



parameters

Eﬂ Create new dosy file EI

There is no dosy parameter file available for this dataset!

Fress Ok o create a new dosy parameter file.
Press Cancel to return to processing parameters.

Select dosy fit mode

& Standard dosy parameters

" Gifa dosy parameters

i| cancel |




parameters P =

Spectrum' F'rcu:F'ars' Acun‘ars' Title| F'uIseF'rug' Peaks' Integrals' Sample' Structure' Fid|

o|P[6|%| 2|k [C]é]

General General

First FITMODE = ExXponential vl Type of fit

Second Expvar = Gradient ~| variable parameter

Third A = - -
aselne | o e E'felrf;f ;”jft;va'ues " parameters will be set with xau dosy
Mdata = 16 Mumber of input points (TD)
M axiter = 100 Maximum number of iterations
EPS = 1 Tolerance
Mexp = 1 Mumber of components ta fit
Moise = 63637.00 MNoise level (S_DEY)
PC = < Moise sensitivity factor
SpisSup = 1 Spike suppression factor

F1mode = Peaks vl F1 output data mode
Imode = Integral 'I Fitted intensity meaning
Scale = Lingar vl Scaling

LWWF = 1 Line width factor

DISPmin = 1e-010 Lower display limit

DISPmax = 1e-008 Upper display limit

Mpars = 7 Mumber of parameters

MNvar = 2 number of parameters to fit

Gamma [HZ/G] = 257 64000 Gamma

Grad [G/cm] = 0.00000 Diffusion gradient . . .
Gist [ms] = 0.00000 Gradient distance, big delta Parameters WI” be Set Wlth xau Setdlffparm
Glen [ms] = 0.00000 Gradient length, little delta

First component

[1vary = S ¥ | Fitintensity?

1= 1000000000 Intensity

11min = -21474836847 Minimurm intensity

[1max = 21474583647 haximum intensity

D1vary = ES ¥ | Fit diffusion coefficient?

D1 [m#fs] = 1e-009 Diffusion coefficient

Dimin [mafs] = 0 Winimurn diffusion coefficient

D1max [mefs] = 1e-008 Maximum diffusion coefficient
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parameters . mhixer

Spectrum' F'rcu:F'ars' Acun‘ars' Title| F'uIseF'rug' Peaks' Integrals' Sample' Structure' Fid|

o |P|6| %] 2|1 ||
General General
First FITMODE = ExXponential vl Type of fit
Second Expivar = Gradient ~| variahle parameter
Third Xlist = difflist Variable parameter values file name
Baselne | pstart = 0 Start of input points
Mdata = 16 Mumber of input points (TO)
M axiter = 100 Maximum number of iterations
EPS = 1 Tolerance
Mexp = 1 Mumber of components to fit
Moise = 63637.00 Moise level (S DEY)
PC = al Moise sensitivity factor
SpisSup = 1 Spike suppression factor
Fimode = Peaks vl F1 output data mode
Imode = Integral 'I Fitted intensity meaning
Scale = Lingar vl Scaling
LWWF = 1 Line width factar
DISPmin = 1e-010 Loweer display limit
‘ DISPmax = 1e-008 Upper display limit
Mpars = 7 Mumber of parameters
MNvar = 2 number of parameters to fit
Gamma [HZ/G] = 257 64000 Gamma
Grad [G/cm] = 0.00000 Diffusion gradient
Gdist [ms] = 0.00000 Gradient distance, big delta
Glen [ms] = 0.00000 Gradient length, little delta
First component
[1vary = S ¥ | Fitintensity?
1= 1000000000 Intensity
11min = -21474836847 Minimurm intensity
[1max = 21474583647 haximum intensity
D1vary = ES ¥ | Fit diffusion coefficient?
D1 [m#fs] = 1e-009 Diffusion coefficient
Dimin [mafs] = 0 Winimurn diffusion coefficient
D1max [mefs] = 1e-008 Maximum diffusion coefficient

PC: same function as for ‘pp’
Suppression of ‘tails’ on peaks

Line broadening in diffusion dimension
DOSY peaks will be calculated and displayed
within those values only!!!



iIn ProcPars

eddosy setdiffparm xf2 dosy2d

v

© P |6% 1|k O A

General il Copy parameters from experiment (setdiffparm)

First FITMODE = exponential - v
second Expar = Gradient [

Type of fit
Yariahle parameter



Optimizing DOSY processing parametj .,%%R

1. No peaks at all in the DOSY spectrum:

— Are the correct values for big / little delta (D20 / P30) entered in eddosy?

— Do the display limits DISPmin / DISPmax in eddosy correspond to the expected
diffusion rates?

— Check peak picking parameter PC
2. Poor separation of peaks:

— Effect not related to processing parameters:

Difference in diffusion rates is too small

Poor S/N, record spectrum again with more scans
— Change eddosy parameters:

SpiSup larger values will reduce tails on peaks, but
separation in F2 dimension will be reduced

LWF values <1 will result in better resolution in
diffusion dimension, but truncation artifacts might
appear



DOSY processing: example for LWE

LWF: broadening in diffusion dimension, reduces truncation artifacts

LWF 0.3, SpiSup 1 LWF 4, SpiSup 1

[/

ppm ppm



DOSY processing: example for SpiSup

SpiSup: broadening in chemical shift dimension, reduces tails

LWF 4, SpiSup 1 LWF 4, SpiSup 100

S

ppm

ppm



DOSY: data -

Data can also be analysed with the Topspin T./T,
tool

F1 axis shows diffusion constant:
— logarithmic: log D
— linear: D*1e®

— The unit for the diffusion constant is: m23/sec



DOSY: sources of artifacts

1. Low signal-to-noise ratio

—Poor description of signal decay and bad separation of signals in
diffusion dimension

Signal decay: high S/N Signal decay: low S/N
21,0 1,0 |
=R ]
20,9 0,9
©
0,8 08
Ry
0,7 0,7 |

0,6 0,6 |

0,5 0,5

0,4 0,4

0,3 0,3 |

0,2 0,2 |

0,1 0,1

0,0 0,0

12 3 456 7 8 9 101112 13 14 1516 12 3 456 7 8 9101112 13 14 1516

gradient steps



DOSY: sources of artifacts C

2. Convection
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self diffusion measurements of
a peptide in DMSO at different
temperatures and with
different pulse sequences. The
signal amplitude is plotted
versus the square of the
gradient strength.

0.01 -
—+— LEDbp 320 K

—®— DSTE 320 K

0.001 =
square of gradient strength

[G&/cm?]



DOSY: effects of convection

2. Convection
— Reduce convection by:
High flow rates for temperature gas
Capillary tube instead of 5 mm tube

— Use pulse sequences with bipolar gradient to reduce the influence of
convection in the DOSY / diffusion experiment

T T
I ]
o, e

Pulse sequences using bipolar gradients: o
stegp1s (ste=stimulated echo)
ledgp2s (led=longitudinal eddy current delay)

Note: for CryoProbes, max p30=4ms, GPNAM* = SINE.SHAPE

—
—




Example: two water species

Intra- and inter cellular water

ée/?

~log D

f-8.0
-8.8
-9.6
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\
4.60

T
4.55

oom
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Example: mixture of four esters S T3

P-Hydroxybenzoic acid ester
R= -Me, -Et, -Prop, -But

| LogD

- -8.98

\ I -9.00

w I

B

- -9.06
- -9.08

 -9.10

- -9.12

- -9.14
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Example: mixture of four esters S T

P-Hydroxybenzoic acid ester
R= -Me, -Et, -Prop, -But

R= -But

| e
] - h
N |

Me

Prop

T T T T T T T T
50 45 40 3.5 3.0 25 2.0 1.5 ppm



Example: 3D DOSY-TOCSY e

Projection view of the diffusion separation of compounds

hu

F2 [m2/s]

-9.0

-8.5

8 8 4 2 F1 [ppm]



Example: 3D DOSY-TOCSY

3D view shows TOCSY correlation peaks




AU Programs

— dosy, setdiffparm

Pulse Programs (1D-versions not shown)

Stimulated Echo Sequences:

— stegp1ls, stebpgpis bp: bipolar gradients
— stebpgp1s19 19: 3919 WATERGATE
— stebpgpinis in: INEPT, for X-nuclei

Double Stimulated Echo Sequences:

— dstegp3s



Stimulated Echo plus LED Sequences:

ledgp2s
ledbpgp2s
ledbpgpmli2s2d
ledbpgpmI2s192d
ledbpgpco2s3d
ledbpgpmi2s3d
ledbpgpno3s3d

bp: bipolar gradients

ml: diffusion filtered 2D TOCSY
19: additional WATERGATE
co: 3D DOSY-COSY

ml: 3D DOSY-TOCSY

no: 3D DOSY-NOESY



Files used for DOSY and diffusi on

Gradient calibration constant is stored in:

XWINNMRHOME/conft/instr/gradient calib

The gradient ramp (created with ‘xau dosy’) is stored in:
XWINNMRHOME/exp/stan/nmr/lists/gp/Difframp

For calculation of diffusion values the following file is used:

/DISK/data/USER/nmr/NAME/EXPNO/proc/PROCNO/difflist



Processing Diffusion
Experiments



Diffusion experiments: processii

Processing of data from diffusion experiments:

— Diffusion experiments can be performed using exactly the same setup procedure
and pulse programs like a 2D DOSY experiment

— Processing will be done using a guided processing tool

— First, process data with xf2 and phase correction

File Edit View Spectrometer Processing | Analysis Options Window Help

Da D@8 BEB usd4 i L[4 N axs calibration.... [cal]
2 2% /8 s X E|ExwH 0EG®
PR cosyicst 2 1 C: tetact

Peak Picking... [pp]

Erowser | FFaolio

Integration... [int]

] C Spectrum | ProcPars | Ac A B B e T
1 CABrukenTOPSPIM Uitiple ecirum Lisplay... [mais
= LWF 0.3 SpiSup 100 A i ¥

T1/T2 Relaxation [t1guide]
Simulate Fid... [nmrsim]

Dosy 4

Start Amix Viewer [amix]




Diffusion experiments: processi

[ABruker TOPSPIN 1.3.b.7 on P1111 as dmo =1
File Edit View Spectrometer Processing Analysis Options Window Help
ODal@sa8EEnsdi & L)L vmbht#EED L w8 @ w70 [ ]
2288 XTI ER+H0EGASERQE|oE]e >t 4|5 W R
: dosytest 2 2 C: Artefacte =
Spectrum' PrucPars' Acqupars' T\tlel PulseProg' F‘eaks' Integrals' Samp\e' Structure' Fid' M MNMR Relaxation Guide
DOSY LED experiment L Close |
o
- — <
r Extract Fid Fitting Function
+ +
L § Transform/Phase Start Calculation
o 4 1
Define Ranges Display Report
i + +
4
i =4 — &
- Relaxation Window Print/Expart
B
L=
o
=3
s
(=]
T | T T T T | T T T T | T T |
20 15 10 5 F2 [ppm]

l.'b'startl Inbox - Microsoft Outlook | fq. TOPSPIM 1.5.b || S? Bruker TOPSPIN 1.3.b.... <« #A 10139




Diffusion experiments: processi

Go through the individual points step-by-step:

MWE Relaxation Guide

Close

d

Transform/Fhase

Define Ranges
+

Fann
AT Ir'}f
harat

Felaxation YWindow

— b

Fitting Function
+
start Calculation

+

Display Report

Print/Export



Diffusion experiments: processin;

Extract FID:

L
|| Extract Fid
1

F
Fid must be extracted From the 2d rela<ation data.

This Fid should correspond to an experiment with the maximum delay time.
All further data preparation will be done in respect to this Fid.

Fid Number = [

Dk Zancel




Diffusion experiments: processin

FT and phase correction:

]

TransformiFhase

E! Transform/Phase x|

The prograrm will now Fourier transform the fid extracted from the

@ relaxation data set, and phase the resulting spectrum.
- Press Ok to perform "em”, "fit", "apk".
- Press Cancel if vou want to execute these commands yourself, or phase manually.

| Cancel |




Diffusion experiments: processi

Define peaks to be analyses using integral ranges:

+

1]

Cefine Ranges

Flease define the spectral regions for which relaxation analkysis should be performed.

2)

hiost intensive peaks within these regions will be picked automatically.
- Press QK to enter integration mode. In integration mode:

X

- Click the "define region” icon (near the beginning of the integration toolbar)

- Position the mouse, click 1eft, and drag to defing a region
- Repeat previous step to defined more regions

- Click the Sawve (diskette) icon and select "Export region to Relaxation Modulz"

- Terminate integration mode using the rightrmost icon.

| Cancel |




Diffusion experiments: processin

Define peaks to be analyses using integral ranges:

il

Tl d Fola@|is b #|law n|x|[=|2p2 3 =%=2 7 ¢t H J

[ Bruker TOPS -~ 1.3.b.7 onP1111 as dmo

File Edit View

=181=|
gcirometer Processing Analysis Options Window Help
DaD®&EB G i L[4 bl A[E> 8 3w 7§ 5[ i
228 EMA R QNG o e o o H[F 3oL
M-t L aneracte =|alx|
< J"LHJL ;\-"n‘ B‘ﬂ;/& #‘A b II|')é|-=|‘Z 2o ‘X|=|i ¥ t‘E]_I > ‘1 »|
-
£id 1 from Cluse |
Mouse Sensitivicy: 1.0
9.43 \/W ><
Extract Fid Fitting Function
+ +
i []
Transform/Phase Start Calculation
+ +
Lo
Define Ranges Display Report
+ +
Relaxation Window Print/Export
T T T T T T S e
20 15 10 5 o [ppm]

1/ start| [ tnbox - Microsoft Outlock | &y TORSPIN 13,6

|[& Bruker T0PSPIN 1.3b.... i Microsof Phcke Edtor

« +A 1040



Diffusion experiments: processi

Define peaks to be analyses using integral ranges:

T Fola@msiss #|ac n]x[=|=2m ==t F 2t J
I

fid 1 from dosytesy 2 2 C: Artefacte Save Regions To 'intrng'
Mouse Sensitivity: |1.0 . 0
17.51 ppu / 7007.13 Hz Save Regions To 'reg
Export Regions To Relaxation Module
DEFINE REGION MODE .
Define: Drag using [left mouse hutton Save & Show List

Beturn: Left-click highlighted icon

[1.0000

| 3.3396

[ppm]




Diffusion experiments: processing s

Define parameters for fitting:
1. 2

x

General Parameters
I FID # for phase determination Fitting Function I FID # for phase determination Fitting Function
|1DDD.D Left limit for baseline correction I

|-1DDEI.EI Right limit for baseline correction
|5 Mumber of drift paints Start Calculation |5

1.0E-5 Convergence limit 1085 Convergence fimit

x

General Farameters

N
Y

1000.0 Left limit for baseline correction

I-'IDDD.D Right limit for baseline correction

Q-
®-

Mumber of drift points Start Calculation

[ «

1 1
: 16 Mumber of points
& Mumber of points
1

|1 I
|17 First slice Display Report | First slice Display Report

] «

. +
4 |1 Slice increment

|1 Slice increment o ‘5@

Iij Fitting Function -
Fitting Function i

J : |vargrad v[ Function Type I SEE:
' Print/Export
vargrad j Function Type
Mumber of components

Expoec

= Kumber of components o
gaussdec > | List file name

)

largauss List file name i

linear vlist Increment (auta)

varbigdel Increment {aUta) auto "

arlitclel plist Meters

ﬁ meters i | |

Clist Reset

raddamp -

=ET | Reset | ﬁ 5

Additional Parameters ; AMAHZG)

|1 aooo.o GAMMAHEG) 10.0 LITDEL{msec)

10.0 LITDEL(msec) |1DD_D BIGDEL(msec)

|1 oo.o BIGDEL({msec) |1 ] GRADIEMN(S/Cm)

|1 0 GRADIENIG/cm) oK Cancel

Ok Cancel




Diffusion experiments: processi

Start the calculation

- 4
8O -+ 1+ QL 7] h MMR Relaxation Guide
Fitting type Diffusion : Variable Gradient Close |
& Intensity =10 exp(-DPSQR2TPgamma "GIrLDIBD-LOVE)  Ted)
 Area Current Peak=1 Diff Con =2 433E-11m2/5 \/\N —> ><
Current Peak Extract Fid Fitting Function
1aorf2 +
Brief Report ﬂ_}\
Data point 1 at 8.216 p :
I = 2924600 Transfaimfphase Stion
Diff Con = 2.433e-
RES = 9.931e-007 vk
S0 = 3.523e-004 Define Ranges i
+
|
Relaxation Window Prmm
T T T T T T T T T T T T T T T T T
1 | 2 1 4 9 16 [G/cm]




Gradient Calibration for
Diffusion Experiments



Gradient Calibration

1. Calibrate the temperature:

— Record a '"H-spectrum of methanol or glycol:
Methanol: Low temperature 175 to 330 K (-98 to +57 °C)
Glycol: High temperature 310 to 410 K (+37 to +137 °C)

— Define plot region and use xau calctemp to calculate the temperature
— Methanol sample: 4% MeOH in Methanol-d4
— Glycol sample: 80% Glycol in DMSO-d6

2. Gradient calibration:

1. A diffusion experiment will be done for a sample with known diffusion value

Sample Temperature [C] D [10-9m?2/ s]
H20 20 2.031
H20 25 2.299
D20 25 1.872

Data by courtesy of Dr. M. Holz (Inst. of. Phys. Chem., Uni Karlsruhe, FRG)



Gradient Calibration P -

2. Gradient calibration:

2. From the difference D, ...
be calculated:

GCC,,, =GCC,, D\/Dme“””%” t

3. The new gradient calibration constant has to be entered using the TopSpin
command setpre:

gsand D,

literature

the gradient calibration constant GCC will

Efe Efr  Chapmel  Epable [sabie Mol
= Grad. calib. const. ftiemf | ‘
Grad. calit. const. feimm] ||| | 9.8 0.100
Gradfent sealing facior | | o0 1.00
) flafe fa measure femperatine
fale {o check error stafs |11 | 0,399 0.0100
ar aff precmpfasls values
—ﬁi L IT...L,,, | | | | .00 1,00
FE?:;IEE?EZ Time [ms. [ ]| | o, 08398 0.00100
0.2 s Gain [%] [ ]| | I 1.00
|| Store oty Fria Lingn Clear




Gradient Calibration |

Note:

The gradient calibration has to be done BEFORE recording diffusion experiments,
as he file difilist stored with the data set is calculated from the gradient
calibration constant and the entries of Difframp.

Further information:
TopSpin -> Help menu -> Software and Application Manuals
1D and 2D Step-by-Step Advanced
Dosy
DOSY CONTIN/DECRA

Diffusion



