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1 TITANIA protocol

1.1 Flowchart
TITANIA performs three major steps (parametrization, iterative refinement
and Monte-Carlo bootstrap. See figure 4 in main text) which can be further
extended as shown in fig. S-1.
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Figure S-1: Extended flowchart for TITANIA. The numbers shown in the
scheme refer to the respective equation in the SI (gray) and main text (black).

The user has to define an initial structure (default: Cartesian coordinates
and connectivity, see section 1.2.1) and the RDC data. In addition keywords
can be used to adapt nearly every step of the TITANIA run to the current
optimization. The first step is the parametrization of the structure, for which
the holonomic terms (standard bond lengths, bond angles) are extracted
from the initial input structure or the MMFF94[1] force field, the B-matrix
is defined[2] and initial parameters are calculated (e.g. bond lengths and
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Dmax). These initial parameters are used with the user defined RDCs to build
a scaled and normalized RDC matrix, which is needed for the SECONDA
analysis, the calculation of orientations and refined spherical harmonics Y.

The alignment tensor A is calculated using the scaled RDC matrix D (for
more information on the RDC matrix see section 1.3.2) and the normalized
cosine matrix B and is analyzed via eigenvalue decomposition (describing the
alignment frame AF). Using the resulting eigenvectors and rhombicity R the
F-matrix is constructed and utilized to determine the refined spherical har-
monics Y by SVD of F. To extract the spherical coordinates θ and φ from Y
the Levenberg-Marquardt (LM) algorithm is used to find the Wigner rotation
between the vector frame (VF) and molecular frame (MF). The structure can
directly be derived from these angles using different algorithms, which can
be chosen by the user by keywords. The default algorithm are the redundant
internal coordinates (see section 1.3.4). An additional algorithm uses vec-
tor addition (see section 1.3.5) which leaves the carbon scaffold untouched.
Thus no large changes required to correct wrong ring junctions (as in the
strychnine example, see 3-A in the main text) are possible.

To check for convergence in the optimization and to estimate uncertainties
of the previously calculated orientation and structure parameters a Monte-
Carlo bootstrap is performed. Some uncertainties can be determined directly
(e.g. the uncertainty of the alignment tensor elements ∆Aij). Others have to
be estimated using Gaussian propagation of errors (e.g. the uncertainty of
the spherical coordinates ∆p). If convergence is reached, the iterative cylce
is stopped (after n additional user defined cycles), an additional SECONDA
analysis is performed (since the normalization factors depend on the struc-
ture) and the output files are finalized. In the course of the optimization
the calculated parameters of all individual iteration steps are written to a
trajectory file.

1.2 Input and output files
All input and output files of the individual runs reported in the main text are
part of the supplementary material. The information content is described in
the following.

1.2.1 Input file

TITANIA uses three types of inputs:

• Structure input: contains Cartesian coordinates of an initial struc-
ture. The structure contains labels for the individual atoms and follows
a simple syntax:
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xyz coo rd ina t e s [<molecule_name >] =
number_of_atoms
<structure_name>
C1 −0.073 2 .395 0 .114 #C1
C2 −0.750 1 .046 0 .423 #C2
. . .

Additionally a connectivity matrix is defined.
c o n n e c t i v i t y [<molecule_name >] =
number_of_atoms
<structure_name>
C1 H1 C2 C6 C7
C2 H2 C3 C10 C1
. . .

• RDC input: defines the RDCs, their uncertainty and weighting. The
respective spin pair is defined by the identifier defined in the structure.
C1 ; H1 ; 1 4 . 6 ; 0 . 5 ; 1 . 0
C2 ; H2 ; − 1 1 . 0 ; 0 . 5 ; 1 . 0
. . .

• Keyword input: controls the behavior of TITANIA. Important (case
insensitive) keywords are:

– MaxTITANIAiterations: defines the number of iterations
TITANIA performes before it is stopped (independent of convergence).

– overoptimizationSteps: defines the number of iterations TITANIA
performes after the maximum number of iterations or convergence is
reached.

– QfactorConvergence: defines convergence threshold for the
rmsd(Q-factors) of two consecutive iteration steps.

– MeanAlignmentConvergence: defines convergence threshold for
the rmsd(SMC) (rmsd of the Saupe tensor elements) of two consecutive
iteration steps.

– SigmaAlignmentConvergence: defines convergence threshold for
the rmsd(σ[SMC]) (rmsd of the Saupe tensor element uncertainties) of
two consecutive iteration steps.

– MeanAngleConvergence: defines convergence threshold for the
rmsd(pMC) (rmsd of the spherical coordinates) of two consecutive it-
eration steps.
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– SigmaAngleConvergence: defines convergence threshold for the
rmsd(σ[pMC]) (rmsd of the spherical coordinate uncertainties) of two
consecutive iteration steps.

– SpreadAngleConvergence: defines convergence threshold for the
rmsd(Rs) (rmsd of the mean RDC vector lengths) of two consecutive
iteration steps.

– useRedundantsOnlyAfter defines the number of iterations after
which TITANIA only perform redundant internal coordinates struc-
ture optimization and skips a prior vector addition step (section 1.3.5).

– useDistances: defines if lower distance bounds are considered in the
optimization:

∗ 0: lower distance bounds are ignored.
∗ 1: lower distance bounds are fully considered (combination of 2

and 3).
∗ 2: lower distance bounds are used in redundant internal coordi-

nates as additional internal coordinate type.
∗ 3: lower distance bounds are used to force an inversion on atom

(groups) if violations are present for consecutive steps.
– redundantsDamping: defines the damping factor δ (see eq. (26))

for the redundant internal coordinates.
– StaticBondWeighting: defines the static weighting (wbond) for bond

lengths of redundant internal coordinates (see eq. (25)).
– StaticAngleWeighting: defines the static weighting (wangle) for bond

angles of redundant internal coordinates (see eq. (25)).
– StaticRDCWeighting: defines the static weighting (wRDC) for RDC

orientations of redundant internal coordinates (see eq. (25)).
– StaticChiralVolumeWeighting: defines the static weighting (wVc)

for chiral volumes of redundant internal coordinates (see eq. (25)).
– StaticDistanceWeighting: defines the static weighting (wdist.) for

lower distances of redundant internal coordinates (see eq. (25)).
– floatingRDCangles: defines if an angle enclosed by an RDC defined

and undefined bond is weighted.
– CalculateFullMatrix: defines how eq. (3b) and eq. (17) are solved:

∗ 0: solved as a set of vector equations. Enables the use of individual
RDC weighting (and even neglecting RDCs).

∗ 1: solved as full matrix equations.
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– errorWeightInSVD: weights RDCs using their user defined errors.
CalculateFullMatrix=0 has to be set.

– MonteCarloBootstrapping: defines if a Monte-Carlo bootstrap is
performed on every iteration step.

This inputs are gathered in the main input (.tna) file which is used as
argument when starting TITANIA. The output file is generated by extending
the input file with the respective suffixes (vide infra).

1.2.2 Output files

TIANIA has four output files:

• .out contains general informations on the optimization, the input file
and keywords. Additionally it contains information on the structure,
RDC sampling and final results. Besides this the trajectory of the
Q-factors and chiral volumes are reported.

• .out.<setLabel>.ali is a output for the individual RDC sets.

• .out.trj contains the full SECONDA analysis (since it is performed
on the initial and final structure). In addition it gives information
on transformations (initial reference frame and PAS of intertia tensor,
change of frames between the iteration steps). The main content are
all relevant results obtained from the individual steps:

– Polar angles (with Monte-Carlo results).
– Levenberg-Marquardt parameters.
– Redundant internal coordinate information (including individual

damping factors).
– Cartesian coordinates and transformation information.
– Cosine matrix.
– Q-Factors.
– Alignment information (with Monte-Carlo results).
– Dynamics information.
– Stop criteria and the corresponding parameters monitored.

• .out.xyz contains the Cartesian coordinates of the individual iteration
steps in the standard xyz-convention.
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1.3 Mathematics
1.3.1 SECONDA weighting scheme

The covariance matrix used for the SECONDA analysis (see equation 6 in the
main text) uses the mean of an individual RDC vector in all media (eq. (1a))
and the weighting factor wm (eq. (1c)) which uses the mean of all RDCs in
one medium (eq. (1b)).

〈Dk〉 =
1

M

M∑
m

Dm
k (1a)

〈Dm〉 = 1

K

K∑
k

Dm
k (1b)

wm =
1

σ2
m

=
1

1
K−1

∑K
k (Dm

k − 〈Dm〉)2
(1c)

The weighting can in principle be chosen in other ways, but eq. (1c) is the
hard coded implementation of TITANIA.
For a proper analysis of the eigenvalues a cutoff of 1e-9 is implemented as
numerical threshold.

1.3.2 RDC theory

RDCs are defined via the normalized cosine matrix B and alignment matrix
A, which contain the independent elements of the second-rank alignment
tensor A and the structure related cosine tensor B. These independent ele-
ments of a second rank tensor T are expressed in T (2) by the corresponding
normalized elements T ij.[2]

T (2) =

[
Tzz,

1√
3
(Txx − Tyy) ,

2√
3
Txy,

2√
3
Txz,

2√
3
Tyz

]
(2a)

Aij =

〈
1

2
(3 cosαi cosαj − δij)

〉
(2b)

Bij =

〈
1

2
(3 cos βi cos βj − δij)

〉
(2c)

Here αi is the angles enclosed by the magnetic field vector and the refer-
ence axes (i = {x, y, z}) of the molecular frame, βu is the angle enclosed by
the RDC vector and the reference axes and δij is the Kronecker symbol.
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DA = diag [Dmax]BA (3a)(
B+B

)
A = B+diag

[
D-1

max
]
DA (3b)

Note that DA is the non-normalized RDC matrix, which is the transpose
of D used in equation 4 of the main text. Transposing is not needed but
allows for an easier recognition of the orthogonal projector (B+B) (and
later the respective operator F+F ).[2] diag [Dmax] is a matrix containing
the maximum possible dipolar coupling for the individual spin pairs on its
diagonal. By performing an eigenvalue decomposition on A the eigenvalue
Azz, the rhombicity R as well as the Euler angles α, β and γ can be calculated.
Utilizing the second-rank spherical harmonics Y2,m (θ, φ), with the spherical
coordinates θ and φ, the general rotations R, using the Wigner elements
D

(2)
M,m, can be formulated:

Y
(2)
2,0 (θ, φ) =

√
5

16π

(
3 cos2 (θ)− 1

)
(4a)

Y
(2)
2,1 (θ, φ) = −

√
15

8π
cos (θ) sin (θ) exp2iφ (4b)

Y
(2)
2,-1 (θ, φ) = −Y

*(2)
2,1 (θ, φ) (4c)

Y
(2)
2,2 (θ, φ) =

√
15

32π
sin2 (θ) exp−2iφ (4d)

Y
(2)
2,-2 (θ, φ) = Y

*(2)
2,2 (θ, φ) (4e)

R (α, β, γ)Y
(2)
2,m (θ, φ) =

2∑
M=-2

exp−iαM d
(2)
M,m (β) exp−iγm Y

(2)
2,M (θ, φ) (5a)

=
2∑

M=-2

D
(2)
M,m (α, β, γ)Y

(2)
2,M (θ, φ) (5b)

This allows for the definition of eq. (6b) (which is the static formulation
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of equation 2 in the main text) in any arbitrary reference frame:

D = AaDmax

[
3 cos2 θAF − 1 +

3

2
R sin2 θAF cos 2φAF

]
(6a)

D = AaDmax

√
4

5π

[
Y

(2)
2,0 +

√
3

8
R
(
Y

(2)
2,2 + Y

*(2)
2,2

)]
(6b)

The full rotation sequence from the VF to the MF and finally to the AF
(eqs. (7) to (11)) for the individual spherical harmonics used in eq. (6b) can
be formulated by:

RVF→MF (α, β, γ)RMF→AF (0, θ, φ)Y
(2)
2,0 (0, 0) (7a)

= RVF→MF (α, β, γ)
2∑

M=-2

D
(2)
M,0 (0, θ, φ)Y

(2)
2,M (0, 0) (7b)

= RVF→MF (α, β, γ)D
(2)
0,0 (0, θ, φ) (7c)

=
2∑

M=-2

D
(2)
M,0 (α, β, γ)Y

(2)
2,M (θ, φ) (7d)

D
(2)
0,0 (0, θ, φ) = Y

(2)
2,0 (θ, φ) (8)

RVF→MF (α, β, γ)RMF→AF (0, θ, φ)Y
(2)
2,2 (0, 0) (9a)

= RVF→MF (α, β, γ)
2∑

M=-2

D
(2)
M,2 (0, θ, φ)Y

(2)
2,M (0, 0) (9b)

= RVF→MF (α, β, γ)D
(2)
0,2 (0, θ, φ) (9c)

=
2∑

M=-2

D
(2)
M,2 (α, β, γ)Y

(2)
2,M (θ, φ) (9d)

D
(2)
0,2 (0, θ, φ) = Y

(2)
2,2 (θ, φ) (10)
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RVF→MF (α, β, γ)RMF→AF (0, θ, φ)Y
(2)
2,-2 (0, 0) (11a)

= RVF→MF (α, β, γ)
2∑

M=-2

D
(2)
M,-2 (0, θ, φ)Y

(2)
2,M (0, 0) (11b)

= RVF→MF (α, β, γ)D
(2)
0,-2 (0, θ, φ) (11c)

=
2∑

M=-2

D
(2)
M,-2 (α, β, γ)Y

(2)
2,M (θ, φ) (11d)

D
(2)
0,-2 (0, θ, φ) = Y

(2)
2,-2 (θ, φ) (12)

Using these rotations the final expression for an RDC in an arbitrary
reference frame is obtained:

D = AaDmax

√
4

5π

[
2∑

M=-2

〈
D

(2)
M,0

〉〈
Y

(2)
2,M

〉
+√

3

8
R

(
2∑

M=-2

〈
D

(2)
M,2

〉〈
Y

(2)
2,M

〉
+

2∑
M=-2

〈
D

(2)
M,-2

〉〈
Y

(2)
2,M

〉 )] (13a)

D = AaDmax

√
4

5π[ 〈
D

(2)
-2,0

〉〈
Y

(2)
2,-2

〉
+
〈
D

(2)
-1,0

〉〈
Y

(2)
2,-1

〉
+
〈
D

(2)
0,0

〉〈
Y

(2)
2,0

〉
+〈

D
(2)
1,0

〉〈
Y

(2)
2,1

〉
+
〈
D

(2)
2,0

〉〈
Y

(2)
2,2

〉
+

√
3

8
R[ 〈

D
(2)
-2,2

〉〈
Y

(2)
2,-2

〉
+
〈
D

(2)
-1,2

〉〈
Y

(2)
2,-1

〉
+
〈
D

(2)
0,2

〉〈
Y

(2)
2,0

〉
+〈

D
(2)
1,2

〉〈
Y

(2)
2,1

〉
+
〈
D

(2)
2,2

〉〈
Y

(2)
2,2

〉
+〈

D
(2)
-2,-2

〉〈
Y

(2)
2,-2

〉
+
〈
D

(2)
-1,-2

〉〈
Y

(2)
2,-1

〉
+
〈
D

(2)
0,-2

〉〈
Y

(2)
2,0

〉
+〈

D
(2)
1,-2

〉〈
Y

(2)
2,1

〉
+
〈
D

(2)
2,-2

〉〈
Y

(2)
2,2

〉 ] ]

(13b)

D = AaDmax~F~Y (13c)
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where the Wigner rotation elements are combined in ~F and the spherical
harmonics in ~Y, respectively.

~F =
[
F-2 F-1 F0 F1 F2

]
(14a)

Fi = D
(2)
i,0 +

√
3

8
R
(
D

(2)
i,2 +D

(2)
i,-2

)
(14b)

Yij =


Y-2,0, ij
Y-1,0, ij
Y 0,0, ij
Y 1,0, ij
Y 2,0, ij

 (15)

By normalizing D on the axial component of A and Dmax and extending
the dimensions of D the final matrix equation (equation 4 in the main text)
is obtained. Note that the resulting matrix DY has the transposed shape of
DA used in eq. (3). This is not necessary for mathematical correctness but
the use of orthogonal projectors[2] (F+F) can be seen easier.

DY = F 〈Y〉 (16)

By SVD of F refined spherical harmonics Yref are calculated.(
F+F

)
〈Yref〉 = F+DY (17)

1.3.3 Information content of Y

To extract the spherical coordinates θav and φav the Wigner rotations are
used to maximize Y

(2)
2,0 in its vector frame (compare figure 2 in main text):

max
(
Y

(2)
2,0
(
θVF, φVF)) =

2∑
M=-2

D
(2)
M,0
(
φMF
av , θMF

av , 0
) 〈

Y
(2)
2,M
(
θMF, φMF)〉 (18)

This maximization is performed by using an in-house implementation of
the Levenberg-Marquardt algorithm. Additionally the local order parameter
of the individual RDCs (see equation 5 in main text), Soverall, the asymmetry
parameter η (see eq. (20)) and the direction of the asymmetry axis ϕ (see
eq. (21)) can be calculated from the spherical harmonics.
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Soverall =

√
1

S2
rdc,MFA,max

(19)

η =

√∑
M=−2,2 〈Y2,M (ΘVF)〉 〈Y2,-M (ΘVF)〉∑2
M=−2 〈Y2,M (ΘVF)〉 〈Y2,-M (ΘVF)〉

(20)

ϕ =
1

2
atan

〈
Y2,2

(
ΘVF)〉− 〈Y2,-2

(
ΘVF)〉

i (〈Y2,2 (ΘVF)〉+ 〈Y2,-2 (ΘVF)〉)
(21a)

=
1

2
atan

Im(
〈
Y2,2

(
ΘVF)〉)

Re(〈Y2,2 (ΘVF)〉)
(21b)

Here S2
rdc,MFA,max is the largest S2

rdc,MFA directly obtained from the MFA
utilizing eq. (17). The spherical coordinates θ and φ are combined as tuple
in Θ.

1.3.4 Use of Redundant internal coordinates in TITANIA

A proper way to represent structures of N atoms is by using a set of 3N−6
internal coordinates (which herein are also called holonomic terms). In this
case the conversion to Cartesian coordinates can be performed by simple
geometric considerations. A more advanced algorithm, implemented in the
TITANIA workflow, uses redundant internal coordinates known from quan-
tum chemical computation protocols. In this approach standard internal
coordinates, namely bond lengths, bond angles or dihedral angles of more
atom tuples than needed to unambiguously define a structure are combined
to form an overdetermined representation (more than 3N-6 internal coordi-
nates) of a structure model. As reported in literature,[3,4] the conversion of
redundant internal coordinates q, containing standard structure parameters
(like bond lengths and angles), into Cartesian coordinates is done by the
Wilson matrix Bw:

Bw (qi, xj) =
∂qi
∂xj

(22)

The change ∆ ~X in Cartesian coordinates xj (with j = {x, y, z}) can be
calculated utilizing the Moore-Penrose inverse of Bw. For this the deviation
between the current and optimal internal coordinates (∆q = qopt − qcur) are
summarized in the vector ∆~q. This is also called the internal displacement
vector.
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∆~X = B+
w∆~q (23)

Therefore the iterative optimization of the Cartesian coordinates can be
formulated according to:

~Xi+1 = ~Xi +B+
w∆~qi (24)

Since the algorithm is designed to handle small changes (see eq. (22)) its
stability can be increased by damping of the individual structure updates
(see eq. (24)).

∆~q = D · diag [wi] ∆~̃q (25)

Where wi is the static weighting for the type of qi, ∆~̃q is the undamped
internal displacement vector and D is the global damping factor, which is
updated in every step:

D =
exp

(
3.5 iter

maxiter

)2
δ + exp

(
3.5 iter

maxiter

)2 δ + exp (3.5)2

exp (3.5)2
(26)

The course of the function for the damping factors is shown in fig. S-2 for
different (user defined) damping constants δ. The factor 3.5 was determined
empirically and results in a rather smooth curve of the global damping factor
D, while allowing for flexible adjustments of it by the user.

Orthogonal projectors P of the type P = BwB
+
w are also used to achieve

higher stablity of the algorithm, by projecting the internal displacement vec-
tor ∆~q on the range of Bw. This results in the overall equation for one
redundant internal coordinate iteration step:

~Xi+1 = ~Xi +B+
wD · diag [wi]

(
BwB

+
w∆

~̃qi

)
(27)
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Figure S-2: Damping factors D for a set of damping constants δ. For the
calculations a maximum of 100 iterations was assumed.

Care has to be taken when defining the damping constant δ for an opti-
mization run. Eq (26) is designed to achieve a weighting of 1.0 in the last
iteration step. Very large damping constants (approximatly larger than 100)
will lead to stronger weighting when defining additional steps (see keyword
overoptimizationSteps in section 1.2.1) that can lead to instabilities in
the redundant internal coordinates within these additional steps. Another
result can be convergence to a local minimum, that cannot be escaped using
redundant internal coordinates due to too high damping in the first steps of
the TITANIA optimization.

Additionally to the ability to optimize a structure based on an overdeter-
mined set of internal coordinates the algorithm allows for the definition of
further terms as restraints. These can (in this context) be RDC-vector orien-
tations or chiral volumes of planar centers to combine the holonomic terms
with experimental data. The implementation of RDCs in TITANIA is done
by the angle enclosed by ~rij (θ, φ) (determined by the MFA) and the vector
~rij,cur calculated from the current structure model. This angle defines a new
internal coordinate qcur which has to be minimized, resulting in qopt = 0 and
hence ∆q = −qcur, which is added to the internal displacement vector ∆~q

15



described above.

1.3.5 Structures from vector addition

Alternatively to the default use of redundant internal coordinates TITANIA
can use a vector addition algorithm to update structures. It can be very help-
ful to start an optimization with low maximum iteration steps using this al-
gorithm if redundant internal coordinates do not converge. In this algorithm
the non-RDC defined bond vectors (mainly the carbon scaffold) are retained
in the initial geometry and only RDC defined bond vectors are updated. This
can additionally be combined with the redundant internal coordinate opti-
mization (see keyword useRedundantsOnlyAfter in section 1.2.1), where the
following algorithm is performed prior to the redundant internal coordinates
step.

~rRDC,i = ||~ri-1||sgn
(
~r (θi, φi)

t ·~ri-1
||~ri-1||

)
~r (θi, φi) (28a)

~r (θi, φi) =

 sin (θ) cos (φ)
sin (θ) sin (φ)

cos (θ)

 (28b)

The resulting vectors are used to update the structure. As first estimation
for the correct vector orientation (~rRDC vs. −~rRDC) the smaller deviation to
the previous orientation is used (see sign function in eq. (28)). The bond
vectors can be validated and inverted by assessing the mean vector deviation
of long range RDCs nDHH.

〈∆~r〉 = 1

N

N∑
i

∣∣∣∣∣∣∣∣ ~ri
||~ri||

−~rRDC,i

∣∣∣∣∣∣∣∣ (29)

By this measure the vector orientation is reevaluated. This vector addi-
tion algorithm is deactivated by default. The user can activate this algorithm
prior to redundant internal coordinates for N iterations if needed (see above).
Positions of atoms which do not contribute to RDC vectors (e.g. hydroxy
groups or methyl protons) are updated by a MMFF94 minimization in the
course of this algorithm to retain chemically meaningful functional groups /
structure moieties.
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1.3.6 Statistics of directional data

To estimate ∆θ and ∆φ (and other uncertainties) a Monte-Carlo bootstrap
(with normal distributed sampling in the range of ∆D) is used in combination
with Gaussian propagation of errors.

DMC = D+ randnorm [−1.0, 1.0]∆D (30)

For the resulting DMC matrix equations (3b) and (17) are solved. The
uncertainties, which cannot be accessed directly (e.g. spherical coordinates
or Euler angles) the Gaussian propagation of errors is employed. For this the
general form to estimate the uncertainty for a value Y (not to be confused
with the spherical harmonics Y l,m) with respect to the dependent measure-
ments xi is used:

∆Y =

√√√√ m∑
i

(
∂Y

∂xi
σ (xi)

)2

+ 2
m-1∑
i

m∑
j=i+1

(
∂Y

∂xi

∂Y

∂xj
cov (xi, xj)

)
(31a)

=

√√√√ m∑
i

m∑
j

(
∂Y

∂xi

∂Y

∂xj
cov (xi, xj)

)
(31b)

With the covariance cov:

cov (xi, xj) =
1

n

n∑
k

[(x̄i − xi,k) (x̄j − xj,k)] (32)

For the Euler angles the numerical gradient is estimated. For the spher-
ical coordinates the analytical gradient is used. Therefore Cartesian vectors
representing the orientation of the individual steps are averaged to obtain
the mean coordinates:

X̄o =
1

n

n∑
i

sin (θi) cos (φi) (33a)

Ȳo =
1

n

n∑
i

sin (θi) sin (φi) (33b)

Z̄o =
1

n

n∑
i

cos (θi) (33c)
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The spherical coordinates of the mean vector and its length are accessible
by eqs. (34) to (35).

R̄s =
√

X̄2
o + Ȳ 2

o + Z̄2
o (34)

θ̄X̄,Ȳ ,Z̄ = acos
(
Z̄oR̄

−1
s

)
(35a)

φ̄X̄,Ȳ ,Z̄ = atan2
(
ȲoR̄

−1
s , X̄oR̄

−1
s

)
(35b)

The Gaussian propagation of errors for the spherical coordinates ∆θ and
∆φ can be expressed by:

∆θ =

√√√√ n∑
i

n∑
j

(
∂θ

∂xi

∂θ

∂xj

cov (xi, xj)

)
(36a)

∆φ =

√√√√ n∑
i

n∑
j

(
∂φ

∂xi

∂φ

∂xj

cov (xi, xj)

)
(36b)

The derivatives in eq. (36) (where xi = {x, y, z}) are:

∂R̄s

∂xi

=
xi

R̄s

(37a)

∂θ

∂xi

=−

 1√
1−

(
Z̄o

R̄s

)2

(

∂Z̄o

∂xi
R̄s − ∂R̄s

∂xi
Ẑo

R̄2
s

)
(37b)

∂φ

∂xi

=

 X̄o

R̄s(
X̄o

R̄s

)2
+
(

Ȳo

R̄s

)2
( ∂Ȳo

∂xi
R̄s − ∂R̄s

∂xi
Ȳo

R̄2
s

)

−

 Ȳo

R̄s(
X̄o

R̄s

)2
+
(

Ȳo

R̄s

)2
( ∂X̄o

∂xi
R̄s − ∂R̄s

∂xi
X̄o

R̄2
s

) (37c)

The spherical variance (eq. (38a)) and spherical standard deviation (eq. (38b))
are calculated as:[5]

σ̄2
o =1− R̄s (38a)

σ̄o =
√

−2 ln R̄s (38b)
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2 Isopinocampheol (1)
Isopinocampheol (IPC) was optimized in six setups, the preparation of which
will be briefly explained here. The setup 1-A was generated from 20 ran-
domly generated alignment tensors (refered to as artificial data), to achieve
an optimum sampling of the orientations. Two additional setups, to represent
experimentally achievable data (1-B) and highly linear dependent data (1-
C). The orientations are taken from literature, but the number of RDCs was
increased. This was done by back-calculation of the full RDC set (referred
to as synthetic data). These setups were all calculated from a single rigid
structure and alignment tensors, leading to RDCs completly free of errors.
Normal distributed random values (σ (1DCH) = 0.5 Hz, σ (1DCC) = 0.125 Hz,
σ (nDHH) = 0.25 Hz, µ = 0.0) were added to the RDCs of the setups 1-A to
1-C to generate the setups 1-D to 1-F. By this the impact of experimental
error on the optimization is investigated.

2.1 Orientations
RDC sets
The alignment parameters of the IPC setups 1-B and 1-C were derived from
RDCs reported in literature.[6–8] These were used to determine the orientation
via SVD. This was done using the in-house RDC module (RDC@hotFCHT) of
the hotFCHT software.[9] The recalculation of the orientations might result in
different orientations than reported previously due to different weighting of
the cosine matrix (to match the TITANIA implementation) and the use of
the all-positive Euler angle permutation.
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Table S-1: RDC sets and alignment parameters used for the synthetic RDC
sets of run 1-B and 1-C.

Set Medium Solvent Analyte T / K Ref.
set 1 PELG CDCl3 (+)-IPC 300 [6]
set 2 PBDG CDCl3 (+)-IPC 300 [8]
set 3 PPLA TCE-d2 (+)-IPC 300 [7]
set 4 PPLA TCE-d2 (+)-IPC 383 [7]
set 5 PPDA TCE-d2 (+)-IPC 383 [7]
set 6 PPDA TCE-d2 (+)-IPC 300 [7]
set 7 PELG CDCl3 (−)-IPC 300 [6]
set 8 PBDG CDCl3 (−)-IPC 300 [8]
set 9 PBLG CDCl3 (+)-IPC 300 [8]
set 10 PBLG CDCl3 (−)-IPC 300 [8]

The linear (in)dependence of the respective sets used for the setups 1-B
and 1-C were assessed using the generalized angle β:

cos β =
〈A1|A2〉√

〈A1|A1〉
√

〈A2|A2〉
(39a)

〈A1|A2〉 = tr
(
At

1 ·A2

)
(39b)
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Figure S-3: Pairwise β angles of the sets used for setup 1-B and 1-C. The
marked fields (black) on the left side show extraordinary large β angles. The
marks (red) on the right side show the purposefully low angles to ensure
linear dependency of the setup.
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2.2 epi-C3 start structure
The standard runs were performed with a C3-inverted structure. For runs
starting from random coordinates see below (section 2.3) These runs are used
to plot the SECONDA data (discussion of 1-A can be found in the main text)
and the change of orientations induced by error. SECONDA is performed
on the normalized RDC matrix. The change induced by error is discussed
for the epi-C3 structure only, since the random coordinates were used for
the error free data only. The setups 1-D to 1-F were additionally optimized
using vector addition. The change induced by error (see section 2.2.5) is not
discussed for the vector addition algorithm as a bias would be added due to
the change of the structure generation algorithm.
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2.2.1 SECONDA plots

Figure S-4: SECONDA plot of the
individual runs in setup 1-A.

Figure S-5: SECONDA plot of the
individual runs in setup 1-D.
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Figure S-6: SECONDA plot of the
individual runs in setup 1-B.

Figure S-7: SECONDA plot of the
individual runs in setup 1-E.
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Figure S-8: SECONDA plot of the
individual runs in setup 1-C.

Figure S-9: SECONDA plot of the
individual runs in setup 1-F.
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The SECONDA plots give insight into the RDC information content of
the setups 1-A to 1-F. In the main text we focused on the assessment of
the linear independence of the setups. Here we investigate the impact of
synthetic heterogeneity (in this case error, added via normal distributed ran-
dom numbers) on the error free setups 1-A to 1-C, by comparing these to
the respective setups 1-D to 1-F. Hus and Brüschweiler have shown earlier
that the addition of heterogeneity to a back-calculated RDC matrix of full
rank has little impact on the principle variances λ1 to λ5.[10]

This result can as well be found in the comparison of fig. S-4 and S-5
(comparison of 1-A and 1-D). Here the eigenvalues λ1 to λ5 are nearly un-
changed by the Gaussian random numbers. As expected for 1-D additional
eigenvalues λn (n > 5) become non-zero. This is typical for RDC matri-
ces with heterogeneity. The high number of additional eigenvalues can be
explained by the large relative errors (see table S-41).

The setups 1-B and 1-E show the above behavior for the first three
principle variances. The eigenvalues λ4 and λ5 in contrast already show a
slight dependence on the heterogeneity. These are the same eigenvalues which
had a contribution of less than 1.0 % to the overall variance for these setups
(see threshold discussed in main text).

This, in combination with the rather large λ1/λ5 ratio, implies that no
complete linear independence of five orientations is achieved for the setup. In
contrast to 1-D no additional non-zero eigenvalues (λ6 < 1e− 9 for all runs
of 1-E) are found. To the best of our knowledge no (published) investigation
of synthetic RDC data containing only 6 sets, to which synthetic errors were
added, exists. In the setup 1-B, 1-C, 1-E and 1-F we used the minimum
number of RDC sets needed to allow for a detection of heterogeneity (The
rank of an n×m matrix cannot exceed n if n < m or m if m < n, respectively.
Therefore an RDC matrix of 5 media can only achieve a maximum rank of
5.). It is thus assumed that the minimum number of RDC sets in combination
with the mediocre sampling of the orientations was not sufficient to detect
the heterogeneity.

This behavior is even more pronounced for the setups 1-C and 1-F.
Additionally to not showing a non-zero eigenvalue λ6 when adding synthetic
error, 1-C does not show λ5 within the scale used in the plot (λ5 < 1e− 3).
For the sets with 11 to 23 RDCs the principle variances λ1 and λ2 only show
slight dependence on the heterogeneity. For the last two setups 1-C31 and
1-C39 this is only true for λ1. This behavior coincides with the high linear
dependence desired for the setup 1-C. Again the values dependent on the
heterogeneity have less than 1.0 % contribution to the overall variance as
discussed in the main text.
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2.2.2 Orientations

1-A
Input orientations
The RDCs of setup 1-A were calculated by the orientations summarized in
table S-2.

Table S-2: Orientational data used for the synthetic RDC sets of setup 1-A
and 1-D.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.502e-04 2.810e-01 8.144 141.340 82.889
set 2 8.426e-05 2.222e-01 145.757 110.718 24.512
set 3 8.788e-05 3.201e-01 7.168 99.611 155.036
set 4 4.350e-04 5.409e-01 100.047 51.633 116.928
set 5 3.411e-04 3.893e-01 140.036 73.152 84.947
set 6 8.659e-04 4.858e-01 165.509 48.826 27.761
set 7 8.074e-04 7.404e-03 44.055 123.341 119.405
set 8 4.177e-04 2.348e-01 87.834 54.652 157.368
set 9 4.881e-05 2.929e-01 111.992 33.749 60.348
set 10 7.993e-04 5.760e-01 12.000 148.761 72.686
set 11 3.255e-04 1.066e-01 90.282 22.718 122.776
set 12 4.468e-04 4.043e-01 9.639 62.911 98.912
set 13 3.196e-04 1.107e-01 82.100 168.690 6.311
set 14 6.600e-05 2.687e-01 107.921 153.048 77.132
set 15 7.857e-04 2.918e-02 69.136 138.490 101.059
set 16 4.146e-04 4.251e-01 30.733 107.546 178.566
set 17 6.562e-04 5.205e-01 89.664 38.741 107.788
set 18 5.977e-04 4.170e-01 54.711 118.926 144.841
set 19 8.809e-04 1.118e-01 63.241 75.212 163.185
set 20 6.492e-04 6.360e-01 117.915 146.575 88.796

Output orientations

All orientiations of setup 1-A (11-39) obtained from the full TITANIA
optimization runs are listed in the following section. Changes of the Euler
angles compared to the data listed in table S-2 are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and changes in the structure. The comparison of the input and output data
is summarized in table S-35 (section 2.2.4).
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Table S-3: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-A11.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.987e-04 2.391e-01 173.230 35.413 98.063
set 2 8.006e-05 3.196e-01 148.225 72.877 149.183
set 3 8.250e-05 3.865e-01 9.152 78.483 19.577
set 4 4.395e-04 5.370e-01 91.183 122.082 58.114
set 5 3.324e-04 2.391e-01 121.320 105.117 85.795
set 6 8.935e-04 5.056e-01 170.915 126.443 142.591
set 7 8.092e-04 1.625e-01 158.125 52.441 55.599
set 8 4.153e-04 2.421e-01 83.303 121.542 21.879
set 9 4.413e-05 2.669e-01 120.063 140.779 114.967
set 10 8.821e-04 5.122e-01 2.805 31.745 110.056
set 11 2.943e-04 2.059e-01 100.496 153.250 47.404
set 12 4.430e-04 3.750e-01 15.503 110.386 71.077
set 13 3.267e-04 1.696e-01 96.550 16.491 168.600
set 14 7.347e-05 2.476e-01 101.082 25.566 111.816
set 15 8.259e-04 8.799e-02 135.239 36.597 79.886
set 16 4.041e-04 3.886e-01 144.814 111.189 171.088
set 17 5.990e-04 6.274e-01 90.037 135.426 69.611
set 18 5.901e-04 3.496e-01 51.474 57.966 30.026
set 19 8.517e-04 2.136e-01 53.130 101.840 13.466
set 20 7.067e-04 6.281e-01 108.920 28.612 100.249
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Table S-4: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A17.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.996e-04 2.893e-01 4.063 33.244 89.880
set 2 8.144e-05 2.329e-01 143.398 65.458 150.476
set 3 8.304e-05 3.081e-01 10.468 78.033 18.078
set 4 3.899e-04 5.990e-01 104.113 125.515 58.970
set 5 3.217e-04 4.017e-01 139.266 101.826 89.719
set 6 8.305e-04 4.677e-01 159.538 127.394 142.928
set 7 7.815e-04 3.050e-02 18.681 54.198 51.713
set 8 3.877e-04 2.212e-01 93.107 125.785 17.000
set 9 4.655e-05 3.118e-01 110.950 140.973 113.043
set 10 7.367e-04 5.681e-01 8.403 25.069 102.677
set 11 3.118e-04 1.368e-01 93.194 154.583 57.714
set 12 4.167e-04 3.884e-01 13.190 112.505 75.969
set 13 3.121e-04 8.711e-02 129.026 169.064 13.957
set 14 6.307e-05 2.912e-01 109.675 21.197 97.510
set 15 7.344e-04 2.431e-02 163.417 37.521 69.041
set 16 3.938e-04 3.937e-01 143.396 107.184 173.467
set 17 6.030e-04 5.700e-01 94.811 137.993 69.793
set 18 5.850e-04 4.410e-01 59.823 59.975 27.285
set 19 8.042e-04 7.467e-02 72.594 104.486 10.478
set 20 6.241e-04 6.500e-01 121.371 28.026 83.300
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Table S-5: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A23.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.169e-04 2.594e-01 10.075 29.966 89.231
set 2 8.209e-05 2.349e-01 138.138 62.814 154.005
set 3 8.056e-05 3.130e-01 15.740 79.008 19.822
set 4 4.053e-04 5.708e-01 106.846 122.819 63.396
set 5 3.164e-04 3.903e-01 139.577 98.677 91.613
set 6 8.379e-04 4.699e-01 156.880 124.592 143.713
set 7 7.870e-04 1.140e-02 25.731 51.631 51.858
set 8 3.923e-04 2.540e-01 97.656 125.724 23.552
set 9 4.746e-05 3.121e-01 109.038 137.538 115.013
set 10 7.529e-04 5.458e-01 13.058 21.762 102.001
set 11 3.142e-04 1.186e-01 100.494 151.715 67.139
set 12 4.166e-04 4.047e-01 16.801 109.722 78.695
set 13 3.105e-04 1.000e-01 148.187 169.372 36.946
set 14 6.393e-05 2.737e-01 112.892 18.225 95.869
set 15 7.556e-04 1.102e-02 108.974 34.654 68.109
set 16 3.866e-04 4.241e-01 139.306 105.166 174.307
set 17 6.235e-04 5.474e-01 97.284 134.667 74.761
set 18 5.779e-04 4.344e-01 64.341 59.185 27.119
set 19 8.060e-04 1.201e-01 77.509 105.948 14.444
set 20 6.347e-04 6.223e-01 124.753 25.287 82.279
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Table S-6: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A31.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.190e-04 2.811e-01 13.017 30.870 89.129
set 2 7.992e-05 2.262e-01 139.312 62.830 154.086
set 3 8.364e-05 3.134e-01 15.105 80.683 20.210
set 4 4.125e-04 5.521e-01 108.291 123.393 65.004
set 5 3.227e-04 3.929e-01 142.675 99.528 92.638
set 6 8.156e-04 4.773e-01 159.481 124.356 145.477
set 7 7.676e-04 2.125e-03 126.045 52.395 51.820
set 8 3.918e-04 2.516e-01 97.559 125.949 25.152
set 9 4.639e-05 2.922e-01 110.659 138.006 115.806
set 10 7.618e-04 5.721e-01 15.238 22.999 100.518
set 11 3.107e-04 1.059e-01 110.160 152.268 68.564
set 12 4.223e-04 3.985e-01 15.312 110.826 79.999
set 13 3.054e-04 1.247e-01 141.816 170.547 36.014
set 14 6.320e-05 2.628e-01 115.528 19.124 93.566
set 15 7.486e-04 2.382e-02 84.084 35.278 68.484
set 16 3.946e-04 4.158e-01 141.338 103.733 176.264
set 17 6.258e-04 5.190e-01 98.737 135.059 75.673
set 18 5.745e-04 4.025e-01 64.180 60.459 26.946
set 19 8.290e-04 1.175e-01 73.393 106.150 15.491
set 20 6.221e-04 6.258e-01 126.260 26.241 80.907
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Table S-7: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A39.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.214e-04 2.645e-01 13.041 30.120 90.406
set 2 7.904e-05 2.375e-01 138.195 62.436 154.814
set 3 8.340e-05 3.220e-01 16.744 79.902 20.496
set 4 4.130e-04 5.483e-01 107.672 122.359 64.690
set 5 3.220e-04 3.914e-01 141.730 98.213 92.767
set 6 8.254e-04 4.833e-01 157.970 124.428 144.468
set 7 7.727e-04 1.184e-02 103.052 51.495 51.989
set 8 3.957e-04 2.374e-01 98.850 125.046 26.086
set 9 4.671e-05 3.037e-01 110.708 137.287 115.432
set 10 7.640e-04 5.643e-01 13.978 22.442 102.834
set 11 3.104e-04 1.169e-01 103.444 151.370 67.952
set 12 4.174e-04 3.896e-01 15.513 109.408 79.920
set 13 3.053e-04 9.968e-02 146.212 169.491 37.517
set 14 6.325e-05 2.725e-01 111.862 18.260 95.724
set 15 7.509e-04 3.716e-02 89.311 34.377 68.987
set 16 3.894e-04 4.392e-01 139.903 104.546 175.895
set 17 6.266e-04 5.300e-01 97.707 134.203 75.327
set 18 5.734e-04 4.141e-01 65.209 59.596 26.902
set 19 8.262e-04 1.166e-01 72.375 105.585 16.560
set 20 6.232e-04 6.364e-01 125.130 25.316 81.669

Note that the Euler angles differ due to the different reference frames.
Thus a comparison can here only be based on AZZ and R, which shows a good
agreement for the runs 1-A17 to 1-A39 between the input orientations used
to back-calculate the artificial RDCs and the final orientations determined
by TITANIA. The comparison of orientations with using a common reference
frame is found in section 2.2.4.
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1-B
Input orientations
The RDCs of setup 1-B were calculated by the orientations summarized in
table S-8.

Table S-8: Orientational data used for the synthetic RDC sets of setup 1-B
and 1-E.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.166e-04 4.731e-01 62.238 154.576 121.551
set 2 9.519e-04 4.642e-01 76.734 78.357 140.473
set 3 -1.583e-03 3.447e-01 148.367 118.389 150.530
set 4 6.259e-04 6.557e-01 165.587 54.317 77.300
set 5 6.454e-04 5.588e-01 164.877 71.897 73.177
set 6 -8.756e-04 4.057e-01 42.558 122.051 136.107

Output orientations
All orientiations of setup 1-B (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule).
The comparison of the input and output data is summarized in table S-36
(section 2.2.4).

Table S-9: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-B11.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.244e-04 5.073e-01 99.505 37.190 147.052
set 2 1.002e-03 4.400e-01 95.072 115.134 162.170
set 3 -1.619e-03 3.989e-01 168.306 83.003 140.187
set 4 -7.062e-04 5.614e-01 160.472 99.745 137.362
set 5 7.119e-04 5.892e-01 174.633 87.953 47.321
set 6 -7.918e-04 2.987e-01 61.637 72.685 153.102

33



Table S-10: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B17.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.108e-04 4.409e-01 99.643 34.298 144.649
set 2 9.064e-04 5.071e-01 95.256 110.676 163.366
set 3 -1.505e-03 3.608e-01 163.909 74.951 141.586
set 4 6.048e-04 6.488e-01 176.158 67.332 49.982
set 5 6.081e-04 5.628e-01 178.879 84.302 48.337
set 6 -8.311e-04 3.977e-01 63.102 66.832 151.953

Table S-11: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B23.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.042e-04 4.571e-01 96.528 31.560 149.039
set 2 9.047e-04 4.945e-01 92.854 108.102 164.157
set 3 -1.527e-03 3.440e-01 161.588 71.675 144.470
set 4 6.048e-04 6.509e-01 179.884 65.253 50.975
set 5 6.104e-04 5.683e-01 2.499 83.064 50.439
set 6 -8.505e-04 3.968e-01 62.457 63.994 154.884

Table S-12: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B31.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.644e-04 4.726e-01 98.228 31.031 149.711
set 2 8.819e-04 4.809e-01 92.649 107.750 165.933
set 3 -1.468e-03 3.562e-01 163.680 71.780 144.397
set 4 5.857e-04 6.520e-01 179.713 66.985 51.253
set 5 6.025e-04 5.575e-01 2.748 84.854 50.808
set 6 -7.994e-04 4.049e-01 62.748 64.052 155.672
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Table S-13: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B39.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.947e-04 4.634e-01 97.953 34.319 144.673
set 2 9.067e-04 4.808e-01 95.439 110.469 162.358
set 3 -1.522e-03 3.504e-01 163.308 74.337 141.465
set 4 6.066e-04 6.455e-01 176.995 66.514 49.234
set 5 6.213e-04 5.514e-01 0.137 84.036 47.788
set 6 -8.415e-04 4.056e-01 62.515 66.982 152.650

Note that as before the Euler angles differ due to the different reference
frames. Thus a comparison can here only be based on AZZ and R, which
again show a good agreement between the input orientations used for back-
calculation and the final orientations for the runs utilizing 17 to 39 RDCs.
The comparison of orientations with using a common reference frame is found
in section 2.2.4.
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1-C
Input orientations
The RDCs of setup 1-C were calculated by the orientations summarized in
table S-14.

Table S-14: Orientational used for the synthetic RDC sets of setup 1-C and
1-F.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.166e-04 4.731e-01 62.238 154.576 121.551
set 2 9.519e-04 4.642e-01 76.734 78.357 140.473
set 7 -6.930e-04 6.207e-01 67.088 140.025 118.143
set 8 9.806e-04 5.071e-01 77.192 81.428 137.636
set 9 1.036e-03 5.134e-01 72.293 80.309 139.775
set 10 9.246e-04 4.815e-01 77.352 77.964 140.567

Output orientations
All orientations of setup 1-C (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule).
The comparison of the input and output data is summarized in table S-37
(section 2.2.4).

Table S-15: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-C11.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.943e-04 5.097e-01 102.085 37.179 143.291
set 2 9.609e-04 4.326e-01 100.119 113.990 162.818
set 7 -6.135e-04 6.637e-01 98.069 48.535 160.754
set 8 9.945e-04 4.811e-01 101.804 110.641 164.537
set 9 1.050e-03 4.726e-01 96.439 112.234 163.051
set 10 9.343e-04 4.500e-01 100.587 114.356 162.903
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Table S-16: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C17.

Set Azz R α/◦ β/◦ γ/◦

set 1 -6.630e-04 5.320e-01 92.012 27.294 149.210
set 2 6.131e-04 4.682e-01 81.440 102.747 153.765
set 7 6.536e-04 6.242e-01 92.776 128.778 165.380
set 8 5.919e-04 5.567e-01 82.873 96.917 153.684
set 9 6.396e-04 5.731e-01 74.931 98.582 151.072
set 10 5.998e-04 4.847e-01 82.711 103.363 153.929

Table S-17: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C23.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.047e-04 4.573e-01 96.356 31.573 149.123
set 2 9.060e-04 4.933e-01 92.842 108.112 164.115
set 7 -6.871e-04 5.963e-01 93.761 43.221 162.469
set 8 9.305e-04 5.356e-01 93.201 104.329 165.855
set 9 9.846e-04 5.441e-01 88.538 105.973 164.218
set 10 8.806e-04 5.106e-01 93.458 108.524 164.143

Table S-18: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C31.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.950e-04 4.621e-01 97.104 31.388 149.865
set 2 9.152e-04 4.760e-01 93.208 108.092 165.652
set 7 -6.720e-04 6.171e-01 93.379 42.998 164.303
set 8 9.408e-04 5.198e-01 93.779 104.373 167.514
set 9 9.951e-04 5.254e-01 88.804 106.031 165.771
set 10 8.891e-04 4.935e-01 93.852 108.487 165.691
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Table S-19: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C39.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.839e-04 4.699e-01 96.697 31.199 149.514
set 2 8.978e-04 4.811e-01 93.376 107.944 165.281
set 7 -6.608e-04 6.242e-01 92.838 42.771 164.059
set 8 9.221e-04 5.260e-01 93.844 104.220 167.183
set 9 9.754e-04 5.309e-01 88.906 105.870 165.412
set 10 8.726e-04 4.984e-01 93.995 108.343 165.304

Note that as before the Euler angles differ due to the different reference
frames. Thus a comparison can here only be based on AZZ and R, which
again show a good agreement between the input orientations used for back-
calculation and the final orientations for the runs utilizing 17 to 39 RDCs.
The comparison of orientations with using a common reference frame is found
in section 2.2.4.
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1-D
Input orientations
The RDCs of run 1-D were calculated by adding random Gaussian error to
the RDCs of 1-A (for more information see the start of section 2). Therefore
the orientation data are reported in table S-2.

Output orientations
All orientiations of run 1-D (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and the added errors. The comparison of the input and output data is sum-
marized in table S-38 (section 2.2.4).

Table S-20: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-D11.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.563e-04 1.709e-01 17.261 34.845 91.053
set 2 -5.517e-05 3.735e-01 87.915 26.830 9.600
set 3 -9.313e-05 9.125e-02 171.939 98.010 98.051
set 4 4.663e-04 5.462e-01 93.750 121.115 64.374
set 5 3.359e-04 3.032e-01 133.863 104.485 88.760
set 6 7.921e-04 4.444e-01 166.107 124.691 143.805
set 7 7.918e-04 1.332e-01 147.979 49.227 54.222
set 8 3.386e-04 3.093e-01 71.237 122.130 20.822
set 9 -6.140e-05 2.967e-01 105.865 34.709 133.496
set 10 8.866e-04 4.802e-01 11.296 28.311 108.368
set 11 2.675e-04 1.420e-01 98.058 149.404 64.884
set 12 4.638e-04 1.826e-01 10.888 114.606 78.810
set 13 2.887e-04 1.143e-01 168.817 13.701 165.191
set 14 8.921e-05 2.601e-01 37.800 23.631 136.646
set 15 8.573e-04 1.154e-01 92.175 34.978 73.255
set 16 4.080e-04 3.538e-01 137.808 107.276 176.617
set 17 6.827e-04 5.409e-01 92.825 132.102 73.204
set 18 5.554e-04 2.171e-01 49.083 55.873 29.584
set 19 8.126e-04 2.133e-01 55.817 101.724 14.943
set 20 7.043e-04 6.064e-01 108.558 27.698 88.831
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Table S-21: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D17.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.059e-04 3.268e-01 13.221 33.839 89.181
set 2 8.460e-05 3.694e-01 129.989 70.139 140.494
set 3 -1.176e-04 6.150e-01 164.392 86.995 117.859
set 4 4.040e-04 4.402e-01 96.585 130.964 59.756
set 5 2.841e-04 4.845e-01 156.371 104.724 98.880
set 6 8.591e-04 4.121e-01 165.522 129.724 150.550
set 7 8.145e-04 6.008e-02 11.020 56.983 56.894
set 8 4.182e-04 1.440e-01 81.533 126.561 20.323
set 9 7.065e-05 2.541e-01 123.750 146.150 161.212
set 10 7.675e-04 5.517e-01 15.325 21.610 99.638
set 11 3.710e-04 2.226e-01 43.364 158.730 65.707
set 12 4.143e-04 4.879e-01 14.950 119.941 83.078
set 13 3.195e-04 1.952e-01 166.385 168.871 10.701
set 14 7.742e-05 4.860e-01 111.691 10.102 93.346
set 15 7.571e-04 5.801e-02 178.908 40.032 71.258
set 16 4.329e-04 3.027e-01 33.782 72.276 2.236
set 17 6.593e-04 4.945e-01 93.732 142.102 72.712
set 18 6.516e-04 3.550e-01 50.779 61.785 35.678
set 19 8.827e-04 8.288e-02 77.402 103.840 16.179
set 20 -6.316e-04 5.429e-01 110.204 115.878 122.231
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Table S-22: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D23.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.426e-04 2.362e-01 11.316 32.424 88.929
set 2 7.098e-05 2.009e-01 109.314 70.870 152.829
set 3 -9.066e-05 5.977e-01 159.380 70.140 116.061
set 4 4.470e-04 3.137e-01 97.587 127.566 57.891
set 5 2.761e-04 3.854e-01 140.338 105.367 88.578
set 6 7.891e-04 4.065e-01 172.713 124.737 147.775
set 7 7.637e-04 3.626e-02 178.086 53.274 50.632
set 8 4.147e-04 1.731e-01 85.358 128.168 25.998
set 9 -6.384e-05 5.674e-01 114.262 46.157 128.209
set 10 7.141e-04 5.443e-01 9.243 22.310 105.819
set 11 3.569e-04 1.704e-01 36.869 156.062 61.174
set 12 4.286e-04 4.063e-01 15.881 115.892 75.844
set 13 3.301e-04 9.256e-02 160.233 167.061 13.655
set 14 8.555e-05 4.025e-01 73.338 6.196 134.808
set 15 7.036e-04 5.993e-02 120.607 36.416 67.786
set 16 4.320e-04 2.289e-01 131.685 109.974 176.345
set 17 6.525e-04 4.270e-01 90.678 138.119 67.640
set 18 6.318e-04 3.737e-01 61.248 58.735 28.034
set 19 7.326e-04 1.426e-01 55.639 103.787 15.440
set 20 -5.794e-04 6.602e-01 102.764 113.157 117.951
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Table S-23: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D31.

Set Azz R α/◦ β/◦ γ/◦

set 1 8.047e-04 3.336e-01 25.222 61.033 95.877
set 2 -8.554e-05 6.285e-01 5.810 60.847 87.329
set 3 -1.565e-04 5.936e-01 3.039 51.339 115.432
set 4 4.875e-04 3.627e-01 77.128 157.071 53.823
set 5 2.976e-04 1.638e-01 148.088 137.136 106.951
set 6 1.004e-03 4.777e-01 155.895 59.952 0.334
set 7 8.694e-04 1.285e-01 2.828 86.872 71.023
set 8 4.560e-04 4.040e-02 56.083 144.047 12.286
set 9 8.979e-05 5.555e-01 71.705 21.314 96.499
set 10 -9.124e-04 6.013e-01 38.910 122.316 30.387
set 11 3.752e-04 1.111e-01 72.986 10.509 106.165
set 12 4.872e-04 3.780e-01 23.796 143.958 94.570
set 13 4.100e-04 6.639e-02 145.202 32.008 103.647
set 14 -9.756e-05 3.743e-01 144.083 110.067 148.322
set 15 9.326e-04 1.250e-01 36.552 68.904 85.908
set 16 4.417e-04 4.748e-01 176.989 90.463 10.252
set 17 -6.937e-04 6.565e-01 87.432 78.067 93.327
set 18 6.253e-04 6.106e-01 46.556 89.597 46.569
set 19 1.034e-03 1.708e-01 22.402 124.759 16.561
set 20 7.612e-04 5.575e-01 134.633 56.445 93.873
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Table S-24: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D39.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.137e-04 2.661e-01 11.846 33.966 86.087
set 2 1.069e-04 2.113e-01 115.186 85.384 125.380
set 3 -1.376e-04 6.411e-01 10.793 50.272 101.518
set 4 4.296e-04 5.611e-01 104.454 130.564 51.757
set 5 2.668e-04 4.541e-01 135.754 111.709 81.312
set 6 8.533e-04 4.253e-01 163.643 127.678 143.549
set 7 7.836e-04 3.283e-02 3.277 58.422 46.265
set 8 4.234e-04 2.592e-01 106.522 131.223 15.142
set 9 -9.219e-05 3.046e-01 90.650 69.495 30.447
set 10 6.654e-04 5.674e-01 26.150 22.286 86.476
set 11 3.389e-04 9.875e-02 80.190 157.003 48.210
set 12 4.771e-04 1.638e-01 172.144 120.901 75.174
set 13 3.494e-04 2.126e-01 89.884 3.648 111.646
set 14 8.111e-05 4.186e-01 155.709 15.863 62.243
set 15 7.576e-04 1.021e-01 127.889 40.833 62.219
set 16 3.193e-04 4.718e-01 149.408 97.659 168.665
set 17 6.339e-04 5.178e-01 106.807 138.658 76.344
set 18 5.853e-04 4.836e-01 56.279 68.670 23.333
set 19 8.351e-04 1.388e-01 82.687 111.111 9.466
set 20 -6.623e-04 6.587e-01 111.998 113.253 112.885

In contrast to the setups 1-A to 1-C the Euler angles not only differ
due to the different reference frames but also due to the heterogeneity added
purposefully. This heterogeneity will also have an impact on AZZ and R,
which is why larger differences between the input orientations used for back-
calculation and the final orientations are found. These differences show vari-
ations between the respective sets of one run. The reason for this finding
is the different magnitudes of AZZ used for the back-calculation of the data
(see table S-2). This circumstance is discussed below in more detail (see
table S-41). The comparison of the orientations using a common reference
frame as discussed before is found in section 2.2.4.
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1-E
Input orientations
The RDCs of run 1-E were calculated by adding random Gaussian error to
the RDCs of 1-B (for more information see the start of section 2). Therefore
the orientation data are reported in table S-8.

Output orientations
All orientiations of setup 1-E (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and the added errors. The comparison of the input and output data is sum-
marized in table S-39 (section 2.2.4).

Table S-25: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-E11.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.950e-04 4.150e-01 98.308 39.844 148.548
set 2 1.075e-03 3.454e-01 95.275 110.848 170.903
set 3 -1.715e-03 2.654e-01 166.563 81.713 150.363
set 4 6.906e-04 5.243e-01 174.590 61.131 62.663
set 5 -6.504e-04 6.572e-01 171.204 92.325 148.200
set 6 -1.112e-03 4.359e-01 57.118 78.351 160.360

Table S-26: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E17.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.416e-04 4.807e-01 104.721 32.283 145.280
set 2 1.028e-03 4.582e-01 93.978 109.339 167.592
set 3 -1.505e-03 3.815e-01 171.934 74.350 138.887
set 4 6.274e-04 5.836e-01 177.183 69.383 50.276
set 5 6.333e-04 5.853e-01 1.499 89.880 48.709
set 6 -8.158e-04 3.788e-01 64.006 66.422 148.850
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Table S-27: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E23.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.845e-04 5.005e-01 111.550 33.680 133.099
set 2 9.726e-04 4.230e-01 103.895 107.315 165.964
set 3 -1.378e-03 3.799e-01 167.469 76.387 142.910
set 4 6.171e-04 5.638e-01 174.011 63.799 53.724
set 5 5.885e-04 5.784e-01 176.935 83.091 50.360
set 6 -8.206e-04 3.945e-01 62.038 68.148 152.355

Table S-28: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E31.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.148e-04 4.847e-01 111.265 34.675 139.686
set 2 8.980e-04 4.268e-01 96.474 108.629 170.759
set 3 -1.481e-03 3.565e-01 174.799 79.481 140.420
set 4 -5.675e-04 6.589e-01 165.145 96.850 141.009
set 5 5.897e-04 6.332e-01 174.093 95.134 48.894
set 6 -8.324e-04 3.884e-01 71.951 70.827 148.756

Table S-29: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E39.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.372e-04 4.911e-01 101.629 34.887 153.570
set 2 9.537e-04 4.505e-01 91.551 112.601 176.219
set 3 -1.408e-03 4.446e-01 174.426 81.373 150.820
set 4 -6.019e-04 6.482e-01 164.776 98.050 146.706
set 5 6.340e-04 6.218e-01 172.237 91.176 55.083
set 6 -8.176e-04 3.882e-01 63.855 72.320 157.256
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1-F
Input orientations
The RDCs of run 1-F were calculated by adding random Gaussian error to
the RDCs of 1-C (for more information see the start of section 2). Therefore
the orientation data are reported in table S-14.

Output orientations
All orientiations of run 1-F (11-39) obtained from the full TITANIA opti-
mization runs are listed in the following section. Changes of the Euler angles
compared to the literature data listed above are due to the change of the
reference frames (TITANIA used the principle axis system of the molecule)
and the added errors. Of high impact for this setup is the missing conver-
gence and thereby large distortions of the structure. This leads to wrong
orientation parameters. The comparison of the input and output data is
summarized in table S-40 (section 2.2.4).

Table S-30: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-F11.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.323e-04 1.757e-01 21.959 53.078 131.176
set 2 -7.112e-04 5.412e-01 9.253 46.213 103.567
set 7 -6.834e-04 2.104e-01 134.133 64.583 133.945
set 8 -7.553e-04 5.281e-01 10.523 32.605 100.127
set 9 -7.792e-04 6.015e-01 14.527 36.754 103.745
set 10 -7.135e-04 4.771e-01 8.645 42.312 105.833

Table S-31: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F17.

Set Azz R α/◦ β/◦ γ/◦

set 1 -5.315e-04 4.740e-01 108.017 51.100 147.127
set 2 6.644e-04 3.148e-01 56.389 64.107 0.762
set 7 -5.094e-04 6.181e-01 114.681 59.992 160.917
set 8 6.937e-04 4.115e-01 47.726 69.585 3.639
set 9 7.393e-04 4.202e-01 61.175 66.555 2.115
set 10 6.356e-04 4.076e-01 54.700 64.377 0.618
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Table S-32: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F23.

Set Azz R α/◦ β/◦ γ/◦

set 1 1.595e-03 2.485e-01 28.009 54.848 28.371
set 2 2.116e-03 1.006e-01 23.912 61.662 12.787
set 7 1.510e-03 2.810e-01 18.880 53.793 40.299
set 8 2.033e-03 1.485e-01 24.423 64.106 11.306
set 9 2.362e-03 1.640e-01 21.980 63.071 14.331
set 10 1.989e-03 1.162e-01 20.411 61.822 13.466

Table S-33: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F31.

Set Azz R α/◦ β/◦ γ/◦

set 1 -6.765e-04 4.767e-01 87.261 37.011 148.785
set 2 7.922e-04 5.650e-01 106.172 110.947 177.261
set 7 -5.425e-04 4.219e-01 79.068 48.417 169.225
set 8 8.220e-04 6.492e-01 67.184 74.229 0.356
set 9 8.507e-04 6.143e-01 106.840 108.146 176.660
set 10 7.558e-04 6.047e-01 111.864 109.909 177.867

Table S-34: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F39.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.593e-04 4.385e-01 156.619 68.190 122.764
set 2 9.258e-04 3.843e-01 24.901 86.472 21.230
set 7 -5.855e-04 6.374e-01 162.446 64.609 138.184
set 8 9.469e-04 5.005e-01 21.550 90.237 16.287
set 9 9.947e-04 4.520e-01 27.344 88.479 18.041
set 10 8.596e-04 4.968e-01 18.928 90.301 19.966
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2.2.3 Optimization Trajectories

Figure S-10: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-A, B and C. Shown are the data obtained by the default
redundant internal coordinates algorithm.
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Figure S-11: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-D, E and F. Shown are the data obtained by the default
redundant internal coordinates algorithm.
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Figure S-12: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-A, B and C. Shown are the data obtained
by the default redundant internal coordinates algorithm. The arrows at the
top indicate the values of the reference structure (correct configuration).
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Figure S-13: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-D, E and F. Shown are the data obtained by
the default redundant internal coordinates algorithm. The arrows at the top
indicate the values of the reference structure (correct configuration).
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The iterative progression of TITANIA is assessed by a Monte-Carlo boot-
strap after every iteration step. In this bootstrap all RDCs are varied simul-
taneously by normal distributed random numbers, with the user estimated
experimental errors of the individual RDCs as standard deviation, and used
for the determination of the alignment (tensor shape and Euler angles) and
from that the resulting structure parameters (spherical harmonics and spher-
ical coordinates). The parameters monitored (which can be used as stop
criteria, for respective flags see section 1.2.1) are the change (rmsd) in the
reduced Saupe matrix (Szz, Sxx-Syy, Sxy, Sxz, Syz), the trigonometric func-
tions of the polar angles p (e.g. cos(θ)) and the standard deviation of the
respective values. The fifth parameter monitored is the change of the mean
length Rs of the averaged Monte-Carlo RDC direction vectors (see eq. (34)).
In the present runs the thresholds for the convergence were set to zero to
show the full trajectories of the runs 1-A to 1-F (stop criteria not used).

Of special interest in fig. S-10 is the behavior of the structure related pa-
rameters. As expected the rmsd of Rs shows less fluctuation when increasing
the number of RDCs per set. If convergence is not achieved large spikes in the
Monte-Carlo trajectories (see first steps in fig. S-10) and significant changes
in the chiral volumes throughout the whole optimization would be observed.
All trajectories except 1-C17 show the last significant spike in Soverall around
iteration 10, which is the point at which the final configurations are reached.
As expected the trajectories 1-X17 to 1-X39 (with X equals A to C) clearly
show convergence to the correct structure. Convergence is also achieved in
1-A11, but the wrong configuration is obtained with a distorted geometry
at the center C3.

Compared to the Monte-Carlo plots of setup 1-A the runs of 1-B and
1-C show larger fluctuations in the parameters monitored. This is due to
the fact that here fewer RDC sets are used. Soverall is not as strongly affected
by the number of sets as the Monte-Carlo results, as it is determined from
the experimental RDCs instead of the Monte-Carlo bootstrap. Only 1-C17
seems to show an unexpected behavior due to a rather low Soverall parameter
and high fluctuations in the orientations of the RDC vector obtained from
the Monte-Carlo bootstrap (rmsd[p] and rmsd(sig[p])).

These instabilities are based on the linear dependence and the number of
RDC sets. This can be seen in the comparison of all runs in fig. S-10. Here the
fluctuations of the vector orientations increases when reducing the number
of sets (1-A to 1-B) and again when increasing the linear dependence of the
sets (1-B to 1-C).

This trend seems to change when adding heterogeneity. Here 1-F shows
fast convergence with comparably low Soverall values. By investigation of the
geometries it becomes clear that this a random local minimum. This will be

52



discussed in more detail on the chiral volume plots. The two last runs (1-F31
and 39) in fig. S-11 show instabilities in the full course of the optimization.
This is a hint towards random inversions. This will also be discussed below.

The runs with 11 and 17 RDCs for 1-D and 1-E show an increase in
the fluctuations compared to the homogeneous data, with 1-D being more
affected. The reason might be the large variety of axial components for 1-D
(see table S-41 for more details). This fluctuation is reduced with the number
of RDCs, demonstrating that larger set sizes lead to a higher error tolerance.
An exception are the runs using 23 RDC, which show no convergence at all.
A close look on the xyz coordinates (see supplementary materials section 5)
and the chiral volume trajectories allows a better assessment of these two
runs. By this it becomes clear that 1-E23 undergoes several inversions of
different centers accompanied by large distortions of the geometry (including
large variations in the bond lengths of the ring scaffold). 1-D23 on the
other hand only shows large fluctuations at C6 which influences the whole
trajectory, especially the center C2. C2 and C6 have in common that 1DCC

couplings are used to define the configuration. These are lower in magnitude
than 1DCH RDCs. Furthermore no long-range RDCs are available to further
define or confirm the configuration. Additionally the Soverall is reduced in
size, especially when long-range RDCs are added in the larger setups with
31 or 39 RDCs.

The trajectories of the 1-F runs with 11 to 23 RDCs imply a fast conver-
gence. This behavior is due to the convergence into a local minimum barely
optimizing the structure at all (see below). The runs 1-F31 and 1-F39 show
the other scenario where no convergence is achieved at all. Here only random
inversions occur during the optimization. Additionally the lowest Soverall for
IPC are found in these runs. This shows that the MFA is neither capable
to determine structure parameters for heterogeneous, dependent alignment
conditions nor to properly determine any dynamic parameters in this sce-
nario.

The chiral volume plots of the homogeneous data (fig. S-12) show, as
expected from the main text discussion, very stable configurations. Therefore
the trajectories of the heterogeneous setups 1-D to 1-F are of larger interest.
It is noteworthy that 1-E11 converged into the correct relative configuration.
This is unexpected and should not be over-interpreted. More important
is that the setups with long-range couplings show a reduction in stability
compared to the homogeneous data while still achieving the correct relative
configuration. An exception are the runs using 23 RDCs. The trajectories
of both the chiral volume and the rmsds shown above, are not stable at any
point of the optimization. In such a case the number of RDCs per set should
be varied (in a real scenario lowered) or the vector addition algorithm should
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be used. The reduction of the number of RDCs would allows to identify RDCs
that disturb the trajectories, most likely due to high local heterogeneity. The
alternative vector addition algorithm is more robust and thereby could help
to find the correct configurations. This algorithm is discussed later for the
heterogeneous setups.

The setup 1-F shows very interesting results. Here the first three trajec-
tories converge very fast without a change in any configurations. If the set
size is increased further (1-F31 and 39) rapid inversion without any pattern
can be observed. This demonstrates how linear dependence in combination
with heterogeneity does not allow to obtain correct vector orientations by
using TITANIA.

2.2.4 Change in Orientation

To quantify the similarity of the input and the output orientations a com-
mon reference frame has to be used. Therefore an all atom rmsd structure
alignment was performed to match the TITANIA output structure with the
reference structure (or its enantiomer). The alignment tensors of the trans-
formed structures are recalculated and the differences in the orientations
(TITANIA vs. reference) are expressed by the β angle.
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1-A

Table S-35: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-A. The data were obtained by transformation of the respective
structures to a common reference frame, followed by recalculating the align-
ment tensors with the in-house software RDC@hotFCHT.[9]

β/◦

Set 1-A11 1-A17 1-A23 1-A31 1-A39
set 1 5.923 3.185 2.991 5.292 1.331
set 2 8.151 1.968 2.981 5.732 1.067
set 3 3.245 2.592 0.915 4.253 1.597
set 4 9.843 2.437 1.429 2.718 0.754
set 5 12.561 2.022 1.855 3.214 1.393
set 6 11.638 2.107 2.136 4.630 0.637
set 7 8.578 1.787 1.701 5.329 0.848
set 8 5.394 3.385 3.354 3.429 1.138
set 9 8.501 2.442 2.134 4.568 0.714
set 10 5.250 3.403 2.512 4.475 1.362
set 11 7.617 1.904 1.687 3.285 0.802
set 12 11.348 1.805 2.673 2.424 1.115
set 13 9.771 2.135 1.961 4.408 0.776
set 14 6.866 3.345 2.227 5.294 0.604
set 15 8.051 3.053 2.651 5.344 1.000
set 16 7.947 2.034 2.853 5.279 1.558
set 17 7.454 2.524 1.594 3.482 0.716
set 18 4.324 1.631 1.313 5.337 0.731
set 19 6.208 2.596 3.187 3.588 1.730
set 20 7.094 2.881 2.136 5.383 0.438

It can be seen that only 1-A11 shows β angles of larger magnitude. The
reason is the incorrect configuration on C3. All other runs only have very
small deviations between the reference and output structures. This confirms
the agreement of the TITANIA structure and the reference.
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1-B

Table S-36: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-B. The data were obtained by transformation of the respective
structures to a common reference frame, followed by recalculating the align-
ment tensors with the in-house software RDC@hotFCHT.[9]

β/◦

Set 1-B11 1-B17 1-B23 1-B31 1-B39
set 1 2.994 2.709 2.424 2.520 2.034
set 2 5.193 2.339 2.763 2.234 1.953
set 3 7.820 1.842 2.553 4.310 2.417
set 4 7.238 1.254 2.075 3.899 2.373
set 5 6.125 2.185 1.767 3.641 2.174
set 6 6.159 2.707 3.605 3.559 2.338

All runs of the setup 1-B show excellent agreement between the TITANIA
and reference structure.

1-C

Table S-37: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-C. The data were obtained by transformation of the respective
structures to a common reference frame, followed by recalculating the align-
ment tensors with the in-house software RDC@hotFCHT.[9]

β/◦

Set 1-C11 1-C17 1-C23 1-C31 1-C39
set 1 2.418 10.222 2.362 1.492 0.611
set 2 4.152 20.642 2.716 1.466 1.028
set 7 2.550 10.907 2.679 1.669 0.715
set 8 4.793 23.999 2.816 1.463 1.129
set 9 4.662 23.865 2.699 1.377 1.023
set 10 4.029 20.034 2.702 1.457 1.021

The high β angle found for 1-C17 shows a large value due to distortions
of the methyl vectors C6-C8 and C6-C9.
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1-D

Table S-38: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step
of the runs 1-D. The data were obtained by transformation of the respec-
tive structures to a common reference frame, followed by recalculating the
alignment tensors with the in-house software RDC@hotFCHT.[9] The mean con-
tribution of the random noise to the β angles is reported in table S-41.

β/◦

Set 1-D11 1-D17 1-D23 1-D31 1-D39
set 1 10.116 7.150 5.541 39.437 15.202
set 2 13.430 16.208 14.208 45.302 13.448
set 3 11.460 12.745 10.916 27.275 15.252
set 4 9.075 9.924 4.270 58.423 12.129
set 5 5.162 10.557 7.233 57.837 8.629
set 6 12.618 4.166 9.068 57.086 9.181
set 7 9.845 7.009 4.444 57.993 16.812
set 8 11.790 4.946 10.780 32.610 13.318
set 9 11.158 11.279 17.303 52.909 16.708
set 10 6.207 7.644 5.606 44.127 13.986
set 11 14.393 5.905 4.101 52.062 8.597
set 12 8.996 7.016 9.430 39.717 10.459
set 13 9.181 9.410 7.701 42.717 8.083
set 14 7.418 15.582 12.608 47.711 10.091
set 15 9.178 8.688 4.663 52.551 15.287
set 16 6.976 5.430 9.705 33.347 15.209
set 17 13.728 9.042 4.330 60.949 10.506
set 18 7.528 7.684 3.738 40.481 15.600
set 19 7.279 4.436 4.824 31.517 14.840
set 20 10.886 7.651 7.978 51.570 9.160

Apart from 1-D31, which did not converge using redundant internal co-
ordinates, the β angles show good agreement. The values are a combination
of the errors added and the deviations in the final compared to the reference
structure. The separation of these two effects is addressed later.
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1-E

Table S-39: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step
of the runs 1-E. The data were obtained by transformation of the respec-
tive structures to a common reference frame, followed by recalculating the
alignment tensors with the in-house software RDC@hotFCHT.[9] The mean con-
tribution of the random noise to the β angles is reported in table S-42.

β/◦

Set 1-E11 1-E17 1-E23 1-E31 1-E39
set 1 1.031 5.365 12.059 4.732 11.162
set 2 8.733 2.112 10.428 2.994 11.562
set 3 12.759 8.271 3.496 7.317 14.976
set 4 13.415 5.349 6.096 4.400 16.701
set 5 13.848 6.355 4.570 4.474 16.945
set 6 11.343 8.382 4.536 10.023 7.351

The β angles are a combination of the errors added and the deviations
in the final compared to the reference structure. The separation of this two
effects is addressed later.

1-F

Table S-40: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step
of the runs 1-F. The data were obtained by transformation of the respec-
tive structures to a common reference frame, followed by recalculating the
alignment tensors with the in-house software RDC@hotFCHT.[9] The mean con-
tribution of the random noise to the β angles is reported in table S-43.

β/◦

Set 1-F11 1-F17 1-F23 1-F31 1-F39
set 1 37.217 22.950 103.611 57.157 55.099
set 2 58.962 19.781 108.086 58.470 55.278
set 7 36.418 25.518 115.432 63.649 61.063
set 8 51.858 28.486 104.242 63.774 56.893
set 9 58.467 21.751 103.605 60.611 55.627
set 10 55.075 21.936 105.504 60.508 58.774

In the setup 1-F the error now shows the importance of linear indepen-
dence in the alignment media when experimental error is present. None of
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the runs shown has converged.

2.2.5 Change induced by error

When adding error to the RDCs a change in the orientation is induced. This
change is addressed in this section. In the following tables the generalized β
angle β is calculated for the individual sets. Since a change in the orienta-
tion can be induced by the change of RDCs as well as by structural changes
the following β angles contain this information simultaneously. To address
the pure change due to the variation of RDCs, the mean β angle (and the
corresponding standard deviation) of the individual runs is calculated using
the reference structure.

1-A
Some β-angles in the 1-A vs. 1-D comparison have rather large magnitudes.
This is especially true for the sets with small Azz values (see table S-2).
Therefore the rows of table S-41 have a grayscale filling according to their
Azz value with smaller values being brighter and larger values being darker.
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Table S-41: Generalized angle β enclosed by the orientations of IPC 1 ob-
tained by TITANIA in the last optimization step of the runs 1-A and 1-D.
The last column contains the input Azz values. Since the alignment param-
eters (see table S-2) were generated from random numbers some of the Azz
values are much lower than others. This in combination with the artificial
error added in setup 1-D to larger deviations compared to the results of 1-
A. Therefore the grayscale of the rows are used for faster recognition of the
respective Azz (brighter: lower value).

β/◦

Set 1-X11 1-X17 1-X23 1-X31 1-X39 Azz
set 1 13.754 8.389 4.391 37.700 8.956 6.502e-04
set 2 56.361 24.603 13.036 73.498 52.239 8.426e-05
set 3 45.596 19.352 21.619 31.226 40.387 8.788e-05
set 4 7.884 11.785 12.640 58.093 15.019 4.350e-04
set 5 9.210 15.631 4.966 62.720 18.800 3.411e-04
set 6 7.223 5.349 10.551 57.126 7.043 8.659e-04
set 7 7.014 4.296 6.884 58.397 16.848 8.074e-04
set 8 7.611 5.447 12.093 30.660 17.325 4.177e-04
set 9 62.542 42.149 48.853 103.289 66.291 4.881e-05
set 10 10.053 8.561 5.996 43.642 14.567 7.993e-04
set 11 18.252 15.942 12.937 55.436 10.125 3.255e-04
set 12 18.496 9.949 3.941 39.637 19.294 4.468e-04
set 13 16.268 10.687 8.240 50.801 21.353 3.196e-04
set 14 22.749 27.244 36.312 49.772 27.672 6.600e-05
set 15 13.067 5.993 7.141 53.089 14.881 7.857e-04
set 16 12.608 7.207 11.477 38.565 25.334 4.146e-04
set 17 8.950 7.007 7.185 59.096 10.198 6.562e-04
set 18 6.602 6.626 4.010 40.255 23.232 5.977e-04
set 19 4.636 2.425 8.698 29.789 16.583 8.809e-04
set 20 13.965 7.359 8.405 54.562 14.024 6.492e-04
〈β〉a) 12.648 9.251 8.501 14.399 14.142
σ 16.649 10.110 8.877 18.626 15.591

a) To separate the impact of the final structure from the variation of the
RDCs, the β angle was calculated from the reference structure using the
RDC sets of setups 1-A and 1-D. The mean angle of all 20 sets (and the
respective standard deviation σ) was calculated for the individual set sizes
and is reported here.

60



1-B

Table S-42: Generalized angle β enclosed by the orientations of IPC 1 ob-
tained by TITANIA in the last optimization step of the runs 1-B (see ta-
bles S-9 to S-13) and 1-E (see tables S-25 to S-29).

β/◦

Set 1-X11 1-X17 1-X23 1-X31 1-X39
set 1 4.969 3.238 10.145 3.410 8.860
set 2 13.312 3.264 9.710 6.011 14.149
set 3 16.851 10.181 5.003 7.905 17.732
set 4 22.522 4.413 7.169 5.435 15.439
set 5 19.989 7.013 3.581 8.476 13.816
set 6 11.654 8.756 4.523 11.833 5.536
〈β〉a) 2.826 2.347 2.068 3.334 4.802
σ 0.961 0.863 0.516 1.371 1.628

a) To separate the impact of the final structure from the variation of the
RDCs, the β angle was calculated from the reference structure using the
RDC sets of setups 1-B and 1-E. The mean angle of all 6 sets (and the
respective standard deviation σ) was calculated for the individual set sizes
and is reported here.
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1-C

Table S-43: Generalized angle β enclosed by the orientations of IPC 1 ob-
tained by TITANIA in the last optimization step of the runs 1-C (see ta-
bles S-15 to S-19) and 1-F (see tables S-30 to S-34).

β/◦

Set 1-X11 1-X17 1-X23 1-X31 1-X39
set 1 39.620 37.102 101.492 60.392 58.817
set 2 57.278 40.919 105.975 63.705 62.843
set 7 37.742 41.943 114.199 64.808 63.499
set 8 49.962 49.684 102.378 64.122 58.861
set 9 59.757 44.155 102.100 61.099 59.238
set 10 54.290 38.990 104.644 62.866 58.941
〈β〉a) 3.329 2.416 2.070 2.868 4.384
σ 1.279 0.775 0.613 0.732 0.770

a) To separate the impact of the final structure from the variation of the
RDCs, the β angle was calculated from the reference structure using the
RDC sets of setups 1-C and 1-F. The mean angle of all 6 sets (and the
respective standard deviation σ) was calculated for the individual set sizes
and is reported here.

62



2.3 Random coordinates structure
2.3.1 Keyword adjustments

The runs using random coordinates as input structure were adjusted by the
TITANIA keywords as follows:

Table S-44: Keywords for the standard IPC runs (using redundant internal
coordinates, stan) that changed when using random coordinates as input
(rnd #). Some keywords had to be adjusted for the individual runs to
achieve convergence. This is especially true for the damping constants (see
rnd 3 and 4) and the convergence threshold (rnd 2).

Keyword stan rnd 1 rnd 2 rnd 3 rnd 4
useInitialHolonomics 1 0 0 0 0
MaxTITANIAiterations 200 1000 1000 1000 1000
overoptimizationsteps 10 0 0 0 0
MeanAlignmentConvergence 0 1e-6 1e-5 1e-6 1e-6
SigmaAlignmentConvergence 0 1e-6 1e-6 1e-6 1e-6
MeanAngleConvergence 0 1e-3 1e-3 1e-3 1e-3
SigmaAngleConvergence 0 1e-3 1e-3 1e-3 1e-3
SpreadAngleConvergence 0 1e-5 1e-5 1e-5 1e-5
useRedundantsOnlyAfter 10 25 25 25 25
redundantsDamping 0 50 50 5 5
StaticBondWeighting - 2.0 2.0 2.0 -
StaticRDCWeighting - 2.0 2.0 2.0 -
floatingRDCangles 0 1 1 1 1

The change in rnd 2 was done to prevent instabilities in late iteration
steps. When the initial holonomical terms (internal coordinates) cannot be
used (no proper initial structure was defined) the MMFF94 equilibrium pa-
rameters are used. These do not contain the optimal values for IPC and
thereby can lead to instabilities in the late optimization steps. The second
changes to the damping / weighting of the redundant internal coordinates
(rnd 3/4) are due to slow progression in the structure generation overall.
Since no proper input structure is used, the structure generation algorithm
needs not only to update the coordinates according to RDC information but
also to build a chemically meaningful structure. For some structures this was
not possible due to high damping constants.
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2.3.2 Output orientations

Isopinocampheol run 1-A

Random start coordinates
The orientations when starting from random coordinates are summarized in
the tables below. Note that the Euler angles might again be different due
to completely different molecular frames as random coordinates are used.
An additional change is observed when (+)-IPC is obtained instead of the
reference structure ((−)IPC). These differences are addressed in table S-60
(section 2.2.4).

Table S-45: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-A11 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 4.839e-04 4.592e-01 118.016 54.440 167.509
set 2 6.072e-05 5.690e-01 36.003 91.575 31.163
set 3 8.278e-05 3.771e-01 89.705 46.222 60.765
set 4 2.986e-04 3.379e-01 167.382 96.818 81.982
set 5 3.295e-04 1.487e-01 125.607 141.502 74.481
set 6 7.976e-04 3.053e-01 82.157 115.741 151.396
set 7 5.172e-04 2.636e-01 40.703 24.521 134.680
set 8 3.827e-04 3.915e-01 125.158 74.802 69.539
set 9 4.189e-05 2.190e-01 50.612 101.735 124.954
set 10 -6.537e-04 6.091e-01 39.394 40.145 41.577
set 11 3.437e-04 5.113e-01 101.841 79.313 111.505
set 12 -3.720e-04 1.885e-01 147.554 72.250 16.675
set 13 -3.539e-04 6.249e-01 119.260 159.058 154.246
set 14 -5.881e-05 5.639e-01 82.922 150.163 136.916
set 15 5.238e-04 3.291e-02 22.832 49.074 159.015
set 16 3.679e-04 5.108e-01 93.376 48.331 16.745
set 17 5.279e-04 2.085e-01 77.281 91.186 99.244
set 18 4.404e-04 5.078e-01 106.080 20.323 34.049
set 19 8.224e-04 5.358e-02 159.485 60.825 54.351
set 20 -6.506e-04 4.306e-01 81.562 141.746 126.907
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Table S-46: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A17 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.954e-04 2.925e-01 55.852 45.461 92.973
set 2 7.192e-05 3.067e-01 63.428 87.206 49.690
set 3 8.369e-05 3.467e-01 88.792 136.879 32.374
set 4 4.394e-04 5.280e-01 76.282 128.625 113.355
set 5 3.096e-04 4.440e-01 83.525 140.058 165.625
set 6 8.205e-04 3.652e-01 100.024 84.337 171.141
set 7 7.679e-04 6.009e-02 85.965 24.599 123.780
set 8 4.368e-04 2.228e-01 55.951 118.123 82.199
set 9 4.315e-05 3.677e-01 127.728 99.390 148.306
set 10 8.236e-04 5.626e-01 62.944 52.580 94.645
set 11 2.988e-04 8.436e-02 91.269 102.299 116.056
set 12 3.924e-04 4.363e-01 18.298 138.857 140.021
set 13 2.906e-04 1.559e-01 10.538 80.777 109.112
set 14 6.557e-05 2.034e-01 153.116 55.799 101.029
set 15 8.246e-04 9.017e-02 79.230 38.832 103.451
set 16 4.197e-04 4.848e-01 60.351 117.667 18.093
set 17 6.405e-04 5.571e-01 99.292 118.392 121.652
set 18 5.426e-04 3.757e-01 175.003 34.915 174.085
set 19 9.052e-04 2.190e-01 68.135 123.906 59.326
set 20 6.510e-04 5.326e-01 151.801 49.558 100.747
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Table S-47: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A23 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.033e-04 2.867e-01 99.829 92.800 172.167
set 2 5.710e-05 3.844e-01 47.847 49.606 30.652
set 3 7.409e-05 3.771e-01 171.832 25.581 127.866
set 4 3.917e-04 5.529e-01 31.508 148.272 88.814
set 5 2.641e-04 4.018e-01 31.760 115.606 54.323
set 6 6.652e-04 4.241e-01 41.383 78.696 96.816
set 7 6.525e-04 1.111e-01 62.783 62.530 165.362
set 8 4.005e-04 2.210e-01 83.485 162.710 138.647
set 9 3.439e-05 3.918e-01 10.578 103.737 100.210
set 10 7.593e-04 5.503e-01 94.367 99.391 169.314
set 11 2.654e-04 1.425e-01 50.969 131.943 125.173
set 12 3.195e-04 2.656e-01 97.557 132.151 63.327
set 13 2.704e-04 8.378e-02 133.997 119.266 146.055
set 14 5.835e-05 1.896e-01 6.372 101.064 162.659
set 15 6.978e-04 1.381e-01 68.681 83.013 167.492
set 16 3.333e-04 5.258e-01 0.205 43.602 99.840
set 17 5.499e-04 5.853e-01 25.915 138.686 101.145
set 18 5.014e-04 4.104e-01 112.684 48.102 140.910
set 19 7.785e-04 2.432e-01 28.363 6.408 54.599
set 20 5.526e-04 5.397e-01 4.534 95.004 164.913
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Table S-48: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A31 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.816e-04 2.622e-01 128.497 140.473 127.589
set 2 6.657e-05 3.357e-01 109.515 86.475 120.877
set 3 7.503e-05 3.132e-01 163.076 40.204 79.321
set 4 4.083e-04 5.320e-01 99.437 89.367 48.098
set 5 2.866e-04 4.141e-01 78.630 85.431 10.624
set 6 7.250e-04 4.594e-01 108.136 42.574 172.090
set 7 7.079e-04 7.607e-02 149.386 24.014 1.585
set 8 3.996e-04 2.401e-01 86.601 84.302 74.384
set 9 3.837e-05 3.540e-01 124.136 126.470 25.324
set 10 7.200e-04 5.582e-01 126.070 137.606 115.109
set 11 2.834e-04 1.036e-01 119.228 114.256 61.285
set 12 3.610e-04 3.491e-01 21.212 85.312 27.877
set 13 2.799e-04 9.792e-02 32.208 127.620 79.352
set 14 5.843e-05 2.693e-01 24.481 140.351 109.510
set 15 7.053e-04 1.168e-01 175.364 150.632 138.425
set 16 3.401e-04 4.516e-01 112.591 39.681 118.886
set 17 5.858e-04 5.259e-01 116.788 101.720 48.082
set 18 5.262e-04 4.133e-01 124.178 18.500 63.275
set 19 7.706e-04 1.749e-01 108.004 66.201 82.070
set 20 5.686e-04 6.139e-01 36.801 144.694 120.895
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Table S-49: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-A39 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.891e-04 2.767e-01 124.469 95.506 94.653
set 2 7.370e-05 3.083e-01 146.883 121.502 144.053
set 3 8.000e-05 3.692e-01 9.604 41.840 41.012
set 4 3.734e-04 6.173e-01 29.536 162.189 5.752
set 5 3.042e-04 3.889e-01 159.437 54.078 149.638
set 6 7.730e-04 4.809e-01 40.553 95.076 18.405
set 7 7.396e-04 4.554e-02 125.614 65.652 80.895
set 8 3.975e-04 2.062e-01 161.735 163.330 127.964
set 9 4.088e-05 3.344e-01 14.808 118.521 23.686
set 10 7.327e-04 5.647e-01 112.000 104.634 93.147
set 11 2.841e-04 1.503e-01 60.778 142.216 58.064
set 12 3.699e-04 3.622e-01 96.588 36.266 154.075
set 13 2.937e-04 7.459e-02 171.093 127.724 75.773
set 14 6.029e-05 2.910e-01 18.774 106.474 87.298
set 15 7.092e-04 2.583e-02 98.649 85.551 86.981
set 16 3.625e-04 4.759e-01 6.220 61.131 20.463
set 17 5.491e-04 6.128e-01 32.972 150.627 27.701
set 18 5.574e-04 4.539e-01 130.699 59.096 57.961
set 19 7.986e-04 1.237e-01 178.354 24.726 2.195
set 20 5.839e-04 6.620e-01 18.101 97.941 87.799

Isopinocampheol run 1-B

Random start coordinates
The the orientations when starting from random coordinates are summarized
in the tables below. Note that the Euler angles might again be different due
to completely different molecular frames as random coordinates are used.
An additional change is observed when (+)-IPC is obtained instead of the
reference structure ((−)IPC). These differences are addressed in table S-61
(section 2.2.4).
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Table S-50: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-B11 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 8.761e-04 1.028e-01 147.085 100.577 114.383
set 2 1.070e-03 3.061e-01 87.256 105.065 94.030
set 3 -1.620e-03 3.932e-01 104.900 91.068 62.665
set 4 7.724e-04 5.369e-01 171.971 155.873 165.391
set 5 -6.737e-04 4.671e-01 119.095 83.488 81.372
set 6 -1.028e-03 4.308e-01 35.464 95.488 48.392

Table S-51: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B17 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.681e-04 4.511e-01 52.180 79.659 137.478
set 2 8.362e-04 5.444e-01 1.126 149.778 38.602
set 3 -1.536e-03 3.932e-01 99.348 57.215 177.915
set 4 6.410e-04 6.529e-01 99.700 37.107 8.100
set 5 6.322e-04 5.876e-01 76.542 37.249 35.177
set 6 -8.246e-04 3.698e-01 22.922 54.446 160.331

Table S-52: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B23 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.930e-04 3.734e-01 5.657 67.226 174.047
set 2 8.394e-04 5.928e-01 23.021 99.508 75.947
set 3 1.412e-03 6.666e-01 73.765 38.931 65.043
set 4 6.853e-04 4.852e-01 90.762 36.795 67.020
set 5 7.149e-04 3.957e-01 104.323 38.666 48.798
set 6 -7.124e-04 1.450e-01 7.410 114.197 32.245
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Table S-53: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B31 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.388e-04 4.551e-01 173.016 104.800 66.725
set 2 8.174e-04 5.442e-01 17.093 103.766 148.573
set 3 -1.362e-03 4.058e-01 120.420 91.006 107.575
set 4 5.493e-04 6.586e-01 9.564 35.637 26.572
set 5 5.732e-04 5.565e-01 16.734 17.548 15.394
set 6 -6.977e-04 3.266e-01 28.779 103.340 100.809

Table S-54: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-B39 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.563e-04 4.713e-01 37.021 109.846 128.910
set 2 8.074e-04 5.659e-01 149.439 115.065 16.169
set 3 -1.246e-03 4.302e-01 162.465 75.020 149.525
set 4 5.184e-04 6.173e-01 33.891 74.574 60.898
set 5 5.356e-04 5.123e-01 35.672 59.957 48.165
set 6 -6.684e-04 3.549e-01 64.153 89.393 152.698

Isopinocampheol run 1-C

Random start coordinates
The the orientations when starting from random coordinates are summarized
in the tables below. Note that the Euler angles might again be different due
to completely different molecular frames as random coordinates are used.
An additional change is observed when (+)-IPC is obtained instead of the
reference structure ((−)IPC). These differences are addressed in table S-62
(section 2.2.4).

70



Table S-55: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the runs 1-C11 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.138e-04 5.915e-01 154.862 100.130 157.192
set 2 1.164e-03 3.456e-01 177.718 73.079 78.584
set 7 -5.766e-04 3.076e-01 146.160 110.585 142.667
set 8 1.286e-03 3.201e-01 2.008 75.336 79.152
set 9 1.339e-03 2.998e-01 1.006 73.883 77.707
set 10 1.133e-03 3.579e-01 177.227 72.971 78.373

Table S-56: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C17 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.702e-04 4.737e-01 64.511 81.273 130.223
set 2 9.101e-04 5.175e-01 36.811 140.863 71.257
set 7 -6.302e-04 6.271e-01 58.117 88.763 116.314
set 8 9.454e-04 5.545e-01 38.761 137.280 73.684
set 9 9.951e-04 5.617e-01 43.329 139.714 73.651
set 10 8.845e-04 5.322e-01 35.748 141.047 70.758

Table S-57: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C23 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.716e-04 3.711e-01 49.994 71.696 124.149
set 2 8.494e-04 5.940e-01 43.828 134.097 71.188
set 7 -6.154e-04 5.683e-01 45.892 78.545 112.278
set 8 8.794e-04 6.532e-01 44.086 130.952 72.765
set 9 -9.314e-04 6.665e-01 54.650 56.982 125.656
set 10 8.252e-04 6.120e-01 42.917 134.094 70.534
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Table S-58: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C31 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.127e-04 4.347e-01 66.768 93.187 144.325
set 2 7.422e-04 6.212e-01 17.020 151.744 71.691
set 7 -5.896e-04 6.126e-01 56.044 100.473 132.928
set 8 -7.607e-04 6.520e-01 60.696 79.329 148.973
set 9 -8.116e-04 6.491e-01 63.640 78.859 144.652
set 10 7.235e-04 6.365e-01 15.911 151.761 70.907

Table S-59: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-C39 starting from random coordinates.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.491e-04 4.611e-01 57.038 105.795 168.339
set 2 8.255e-04 5.360e-01 163.157 153.147 71.950
set 7 -6.307e-04 6.278e-01 66.413 119.704 169.448
set 8 8.396e-04 5.873e-01 170.099 155.721 78.907
set 9 8.940e-04 5.913e-01 163.086 153.570 76.169
set 10 8.035e-04 5.522e-01 162.967 153.085 71.148

72



2.3.3 Change in Orientation

1-A

Table S-60: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-A using random start coordinates. The data were obtained by
transformation of the respective structures to a common reference frame,
followed by recalculating the alignment tensors with the in-house software
RDC@hotFCHT.[9]

β/◦

Set 1-A11 1-A17 1-A23 1-A31 1-A39
set 1 54.278 3.333 2.103 8.992 2.518
set 2 33.157 7.799 3.040 5.246 0.623
set 3 44.832 5.824 7.441 7.603 1.603
set 4 67.560 3.752 5.225 3.246 2.627
set 5 114.715 6.124 2.802 4.747 2.401
set 6 17.816 9.912 5.349 7.789 0.994
set 7 39.553 11.291 6.148 6.288 2.845
set 8 15.250 7.295 4.019 3.667 2.447
set 9 12.462 9.949 4.959 6.350 2.163
set 10 54.355 2.660 4.665 8.359 1.921
set 11 46.911 8.392 4.098 4.104 2.232
set 12 48.198 6.275 3.873 2.715 2.152
set 13 84.427 4.763 2.814 6.104 1.421
set 14 107.470 4.669 3.671 7.301 3.134
set 15 72.467 6.875 2.946 7.378 3.417
set 16 18.298 6.513 6.743 10.020 1.128
set 17 21.621 8.970 4.400 4.014 3.573
set 18 26.787 7.159 5.825 7.009 2.015
set 19 16.181 7.160 5.214 6.231 1.532
set 20 97.894 6.811 3.671 6.642 3.426

The β angles of 1-A17 to 1-A39 enclosed by the alignment tensors ob-
tained from the two structures (TITANIA optimized and reference) in a com-
mon frame are comparable to those reported in table S-35 (C3 epimer starting
structure). The small differences are due to structural changes elicited by
experimental errors and the change of holonomic terms. The standard ap-
proach is to extract them from the input structure. This is not possible for
random coordinates.
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1-B

Table S-61: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-B using random start coordinates. The data were obtained by
transformation of the respective structures to a common reference frame,
followed by recalculating the alignment tensors with the in-house software
RDC@hotFCHT.[9]

β/◦

Set 1-B11 1-B17 1-B23 1-B31 1-B39
set 1 81.835 5.163 15.189 5.888 7.866
set 2 73.678 6.842 20.081 5.335 7.010
set 3 76.385 4.555 27.076 2.144 6.420
set 4 82.391 3.093 37.250 2.605 4.194
set 5 94.694 4.626 32.549 1.936 4.072
set 6 48.408 5.425 20.847 3.985 9.193

As in 1-A11 the example 1-B11 shows large differences (large β angles)
when using 11 RDCs. In addition 1-B23 shows large β angles since the
inverse C2-C10 RDC vector is found for the final structure. The β angles
of all other runs originate from the use of different holonomic terms (see
above).

1-C

Table S-62: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA from the last optimization step of
the runs 1-C using random start coordinates. The data were obtained by
transformation of the respective structures to a common reference frame,
followed by recalculating the alignment tensors with the in-house software
RDC@hotFCHT.[9]

β/◦

Set 1-C11 1-C17 1-C23 1-C31 1-C39
set 1 46.844 8.346 14.694 3.082 8.199
set 2 84.687 7.423 15.061 3.329 8.165
set 7 41.721 6.795 10.885 3.281 8.517
set 8 84.353 7.065 12.458 3.510 8.208
set 9 86.778 6.977 20.640 3.813 8.081
set 10 83.159 7.470 14.322 3.213 8.183
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As before run 1-C11 shows large differences (large β angles) when using
11 RDCs. In addition 1-C23 shows large β angles, for the same reason as
in 1-B23. The inverse C2-C10 RDC vector is found for the final structure.
The β angles of all other runs originate from the use of different holonomic
terms (see above).
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2.3.4 Optimization Trajectories

Figure S-14: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-A, B and C. Shown are the data obtained by the default
redundant internal coordinates algorithm starting from random coordinates.
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Figure S-15: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-A, B and C. Shown are the data obtained
by the default redundant internal coordinates algorithm starting from ran-
dom coordinates. The arrows at the top indicate the values of the reference
structure (correct configuration). Note that in contrast to the runs starting
from the C3 epimer also the enantiomeric solution is obtained (1-B17, 31,
39 and 1-C39).
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As before none of the runs with 11 RDCs converges to the correct relative
configuration in all cases. This behavior is discussed in the main text. The
two runs 1-B23 and 1-B39 do not show a stable configuration on C2 and
the final structure has the wrong configuration at this center. 1-B23 can
easily be recognized as inverse vector solution (see fig. S-16).

Figure S-16: Final 3D structure for the run 1-B23. The C2-C10 bond is
represented by the inverse RDC solution. This can be identified with some
basic chemistry knowledge.

The wrong configuration of 1-B39 can be identified by the very short C2-
C10 bond (1.13Å). Both structures were rerun while forcing 1 000 iteration
steps, ending in a stable trajectory with the correct relative configuration.

2.4 Vector addition algorithm
2.4.1 Output orientations

Isopinocampheol run 1-D

Structure generation via vector addition
Additionally to the redundant internal coordinates algorithm the optimiza-
tion was performed using the non-default vector addition algorithm. The
orientations obtained are summarized in the tables below. Changes of the
Euler angles compared to the literature data listed above are due to the
change of the initial reference frames (TITANIA used the principle axis sys-
tem of the molecule) and the added errors. These differences are addressed
in table S-78 (section 2.4.2).
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Table S-63: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-D11 when using the non-default vector
addition algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.373e-04 2.042e-01 174.491 39.947 75.871
set 2 1.038e-04 2.681e-01 133.318 75.386 133.293
set 3 -1.221e-04 3.855e-01 23.708 87.733 109.974
set 4 -5.633e-04 1.638e-01 105.955 44.595 30.299
set 5 2.840e-04 6.189e-01 144.284 97.006 97.110
set 6 9.636e-04 4.520e-01 156.527 143.191 152.451
set 7 9.946e-04 1.361e-01 39.369 62.490 52.623
set 8 -4.378e-04 6.335e-01 54.994 42.280 33.234
set 9 -8.343e-05 6.136e-01 142.655 138.007 16.961
set 10 7.712e-04 1.712e-01 134.452 13.446 108.690
set 11 3.913e-04 3.432e-01 81.937 150.351 32.083
set 12 4.075e-04 4.888e-01 152.925 119.223 73.971
set 13 3.653e-04 1.550e-01 27.367 155.243 0.254
set 14 9.404e-05 2.873e-01 36.080 27.308 174.843
set 15 8.313e-04 1.613e-01 174.945 48.744 55.599
set 16 4.463e-04 1.898e-01 112.773 116.491 170.623
set 17 -8.387e-04 4.194e-01 92.152 54.816 43.156
set 18 7.629e-04 4.672e-01 45.210 62.128 36.137
set 19 7.171e-04 5.343e-01 105.610 77.381 169.026
set 20 -5.477e-04 4.438e-01 110.761 121.855 117.043
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Table S-64: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D17 when using the non-default vector ad-
dition algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.419e-04 2.683e-01 9.021 36.607 90.171
set 2 9.144e-05 4.008e-01 138.048 80.914 136.202
set 3 -1.167e-04 5.925e-01 158.072 92.805 114.997
set 4 4.143e-04 4.151e-01 88.219 128.259 45.551
set 5 2.706e-04 3.798e-01 145.308 106.148 89.560
set 6 8.609e-04 5.053e-01 170.674 137.355 146.594
set 7 7.984e-04 1.426e-01 28.327 57.799 56.824
set 8 4.434e-04 1.455e-01 80.734 122.264 12.327
set 9 7.443e-05 2.305e-01 124.121 150.843 150.070
set 10 7.200e-04 4.211e-01 10.869 24.973 105.082
set 11 3.641e-04 2.843e-01 25.436 155.844 36.503
set 12 4.131e-04 5.149e-01 8.788 116.895 70.597
set 13 3.238e-04 2.873e-01 17.705 20.404 174.540
set 14 7.652e-05 5.849e-01 85.755 12.407 109.289
set 15 7.089e-04 3.531e-02 5.030 41.847 71.173
set 16 3.885e-04 3.207e-01 150.003 117.563 173.687
set 17 6.435e-04 5.210e-01 77.645 142.149 51.667
set 18 6.205e-04 4.784e-01 45.213 57.659 36.705
set 19 7.955e-04 1.423e-01 70.305 101.398 10.529
set 20 -5.876e-04 4.930e-01 104.722 121.034 114.784
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Table S-65: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D23 when using the non-default vector ad-
dition algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.422e-04 2.953e-01 6.547 40.663 93.785
set 2 7.777e-05 3.952e-01 137.781 81.261 141.378
set 3 1.192e-04 5.651e-01 2.096 70.688 22.769
set 4 4.288e-04 3.641e-01 84.188 125.257 40.916
set 5 2.845e-04 3.795e-01 137.694 109.125 82.773
set 6 8.685e-04 4.910e-01 166.888 140.944 138.662
set 7 7.966e-04 1.002e-01 14.489 56.143 52.502
set 8 4.357e-04 1.245e-01 90.698 117.437 9.536
set 9 7.061e-05 3.380e-01 94.943 143.508 128.948
set 10 7.164e-04 5.193e-01 2.455 30.800 109.095
set 11 3.439e-04 2.539e-01 17.640 153.142 29.169
set 12 4.369e-04 4.309e-01 7.727 116.793 65.726
set 13 3.089e-04 1.993e-01 22.045 22.709 163.635
set 14 -8.449e-05 4.659e-01 86.259 104.079 109.945
set 15 7.079e-04 2.872e-02 97.047 41.276 71.833
set 16 3.968e-04 3.593e-01 143.684 120.315 170.488
set 17 6.474e-04 5.077e-01 74.058 139.950 47.386
set 18 6.324e-04 4.819e-01 41.151 56.150 31.643
set 19 8.226e-04 7.408e-02 71.928 96.851 8.674
set 20 -6.087e-04 5.421e-01 100.258 124.743 106.130
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Table S-66: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D31 when using the non-default vector ad-
dition algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.808e-04 3.500e-01 152.618 36.719 129.517
set 2 8.500e-05 3.771e-01 84.661 81.637 3.749
set 3 -8.143e-05 3.999e-01 150.775 44.056 152.961
set 4 3.267e-04 5.536e-01 91.801 116.906 80.228
set 5 2.282e-04 2.315e-01 105.807 108.839 105.951
set 6 8.329e-04 5.664e-01 144.445 149.298 164.489
set 7 6.220e-04 5.170e-02 162.979 54.598 105.010
set 8 2.573e-04 4.079e-01 100.349 106.334 41.365
set 9 6.041e-05 1.480e-01 100.168 176.397 45.151
set 10 6.206e-04 4.546e-01 150.536 21.461 145.007
set 11 2.886e-04 2.668e-01 137.185 147.350 63.502
set 12 4.487e-04 3.509e-01 163.675 113.105 97.211
set 13 2.899e-04 3.908e-01 109.262 156.869 13.863
set 14 -7.818e-05 4.865e-01 99.147 112.849 156.148
set 15 7.136e-04 1.681e-01 160.598 41.065 117.970
set 16 3.379e-04 3.937e-01 14.660 58.488 14.345
set 17 5.650e-04 4.201e-01 69.620 131.382 84.382
set 18 -3.220e-04 3.770e-01 52.916 127.830 17.946
set 19 7.162e-04 2.887e-01 90.691 88.466 25.740
set 20 5.993e-04 5.382e-01 98.260 39.378 132.572
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Table S-67: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-D39 when using the non-default vector ad-
dition algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 6.537e-04 1.980e-01 176.084 57.511 103.435
set 2 1.168e-04 1.209e-01 131.923 115.122 128.867
set 3 1.329e-04 6.661e-01 21.177 91.627 20.967
set 4 4.322e-04 5.670e-01 64.569 128.320 28.137
set 5 2.641e-04 3.147e-01 110.795 125.524 70.914
set 6 9.346e-04 4.090e-01 171.640 154.657 153.294
set 7 8.031e-04 5.941e-02 176.832 66.736 65.927
set 8 4.661e-04 2.270e-01 91.020 113.544 1.088
set 9 -8.924e-05 2.382e-01 59.742 67.508 47.813
set 10 6.985e-04 5.202e-01 6.170 47.530 108.602
set 11 3.230e-04 1.719e-01 164.057 34.955 178.525
set 12 4.940e-04 1.481e-01 149.735 131.613 61.722
set 13 3.401e-04 2.454e-01 64.761 33.170 129.886
set 14 8.389e-05 4.301e-01 114.177 37.535 90.348
set 15 8.199e-04 1.158e-01 97.962 57.061 86.443
set 16 3.179e-04 6.111e-01 164.189 117.542 175.132
set 17 6.448e-04 5.742e-01 62.558 148.610 46.049
set 18 -5.197e-04 6.493e-01 155.032 65.944 142.232
set 19 9.158e-04 1.450e-01 61.396 96.706 5.354
set 20 -7.089e-04 6.287e-01 96.120 141.355 105.311

Isopinocampheol run 1-E

Structure generation via vector addition
Additionally to the redundant internal coordinates algorithm the optimiza-
tion was performed using the non-default vector addition algorithm. The
orientations obtained are summarized in the tables below. Changes of the
Euler angles compared to the literature data listed above are due to the
change of the initial reference frames (TITANIA used the principle axis sys-
tem of the molecule) and the added errors. These differences are addressed
in table S-79 (section 2.4.2).
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Table S-68: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-E11.

Set Azz R α/◦ β/◦ γ/◦

set 1 -8.045e-04 4.224e-01 96.654 45.307 141.473
set 2 9.842e-04 3.760e-01 102.637 119.671 163.307
set 3 -1.559e-03 4.380e-01 0.144 86.486 141.153
set 4 6.483e-04 5.398e-01 164.882 72.865 55.053
set 5 7.506e-04 5.074e-01 165.107 94.059 51.050
set 6 -8.986e-04 3.824e-01 60.266 78.975 150.058

Table S-69: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E17.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.506e-04 4.306e-01 95.625 44.765 138.420
set 2 9.079e-04 4.336e-01 101.463 118.080 164.331
set 3 -1.433e-03 3.668e-01 172.173 83.773 137.762
set 4 6.241e-04 4.948e-01 164.533 65.655 53.280
set 5 6.060e-04 5.223e-01 167.754 84.704 48.102
set 6 -8.748e-04 5.243e-01 59.604 76.589 145.749

Table S-70: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E23.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.473e-04 4.975e-01 100.985 42.990 139.459
set 2 9.475e-04 4.088e-01 97.794 116.732 163.104
set 3 -1.476e-03 3.611e-01 168.306 85.335 138.283
set 4 6.407e-04 5.536e-01 166.678 65.822 51.849
set 5 6.173e-04 5.787e-01 169.087 83.561 46.772
set 6 -8.716e-04 4.251e-01 62.549 78.948 149.451
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Table S-71: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E31.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.730e-04 5.076e-01 105.411 46.667 138.334
set 2 9.805e-04 3.926e-01 104.582 120.649 167.947
set 3 -1.415e-03 3.527e-01 171.479 90.805 139.949
set 4 -5.611e-04 6.561e-01 160.802 109.762 139.541
set 5 5.613e-04 6.531e-01 159.936 90.942 46.574
set 6 -8.536e-04 3.913e-01 69.350 81.978 148.908

Table S-72: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-E39.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.039e-04 4.508e-01 106.614 54.081 132.169
set 2 8.750e-04 5.101e-01 104.966 126.999 161.873
set 3 -1.280e-03 3.819e-01 173.038 101.759 132.569
set 4 -5.380e-04 5.827e-01 170.093 118.722 130.653
set 5 -5.554e-04 5.716e-01 3.628 117.657 126.624
set 6 -7.847e-04 2.740e-01 82.142 91.507 139.637

Isopinocampheol run 1-F

Structure generation via vector addition
Additionally to the redundant internal coordinates algorithm the optimiza-
tion was performed using the non-default vector addition algorithm. The
orientations obtained are summarized in the tables below. Changes of the
Euler angles compared to the literature data listed above are due to the
change of the initial reference frames (TITANIA used the principle axis sys-
tem of the molecule) and the added errors. These differences are addressed
in table S-80 (section 2.4.2).
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Table S-73: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration for the run 1-F11 when using the non-default vector
addition algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.986e-04 3.230e-01 2.066 137.336 110.782
set 2 1.001e-03 3.944e-01 101.511 87.663 6.560
set 7 -7.037e-04 2.935e-01 166.537 124.515 109.441
set 8 1.025e-03 4.540e-01 73.463 90.888 176.144
set 9 1.028e-03 4.314e-01 69.241 88.352 178.191
set 10 9.506e-04 4.538e-01 106.320 88.585 5.534

Table S-74: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F17 when using the non-default vector addi-
tion algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.172e-04 3.569e-01 100.110 168.760 103.421
set 2 -4.900e-04 6.643e-01 114.304 71.029 126.469
set 7 4.518e-04 3.707e-01 115.334 175.073 82.319
set 8 -6.387e-04 3.458e-01 116.715 66.886 135.240
set 9 -6.327e-04 4.583e-01 108.846 65.639 135.803
set 10 -5.175e-04 5.732e-01 110.411 70.972 127.709

Table S-75: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F23 when using the non-default vector addi-
tion algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 -7.187e-04 3.226e-01 44.621 30.151 72.340
set 2 8.070e-04 6.100e-01 64.226 105.260 28.398
set 7 -4.776e-04 5.014e-01 80.383 37.385 58.352
set 8 8.589e-04 6.540e-01 67.644 101.645 25.270
set 9 8.942e-04 6.283e-01 68.959 103.619 24.495
set 10 7.606e-04 6.647e-01 65.988 104.884 27.058
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Table S-76: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F31 when using the non-default vector addi-
tion algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 -6.325e-04 1.540e-01 164.453 57.070 135.066
set 2 6.561e-04 4.912e-01 39.950 85.192 31.400
set 7 -4.383e-04 1.960e-01 134.982 69.883 146.908
set 8 6.903e-04 6.131e-01 48.772 89.446 33.466
set 9 6.647e-04 5.898e-01 48.406 85.773 31.000
set 10 6.459e-04 5.499e-01 40.665 86.226 31.143

Table S-77: Orientational data of IPC 1 obtained by TITANIA on the last
optimization iteration of run 1-F39 when using the non-default vector addi-
tion algorithm.

Set Azz R α/◦ β/◦ γ/◦

set 1 -6.493e-04 2.931e-01 83.540 45.197 133.570
set 2 7.685e-04 4.741e-01 107.215 120.702 156.138
set 7 -5.236e-04 3.958e-01 89.022 59.785 145.760
set 8 8.758e-04 4.584e-01 106.274 116.057 156.547
set 9 8.684e-04 4.575e-01 103.184 116.835 158.978
set 10 7.645e-04 5.018e-01 110.056 117.807 159.900
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2.4.2 Change in Orientation

1-D

Table S-78: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA (using the non-default vector addi-
tion algorithm) from the last optimization step of the runs 1-D. The data
were obtained by transformation of the respective structures to a common
reference frame, followed by recalculating the alignment tensors with the in-
house software RDC@hotFCHT.[9]

β/◦

Set 1-D11 1-D17 1-D23 1-D31 1-D39
set 1 30.946 15.144 9.845 9.685 7.362
set 2 50.402 20.464 29.090 20.140 14.040
set 3 33.763 12.271 4.070 25.837 8.092
set 4 39.991 7.758 6.975 15.387 8.185
set 5 15.312 7.121 7.499 13.342 9.721
set 6 17.512 5.726 8.002 25.098 8.446
set 7 24.971 11.795 12.735 36.093 6.718
set 8 41.949 6.681 3.395 14.813 10.582
set 9 60.050 23.234 16.183 56.141 9.593
set 10 38.598 15.734 8.275 19.042 6.990
set 11 22.213 8.194 5.626 23.012 10.864
set 12 17.809 8.714 11.250 17.496 8.847
set 13 12.005 15.378 7.849 23.905 11.418
set 14 23.741 25.161 18.718 24.281 12.408
set 15 38.101 16.293 13.371 15.462 6.005
set 16 18.983 11.337 10.441 8.505 9.386
set 17 37.170 8.983 8.302 12.882 6.654
set 18 17.004 7.385 6.051 29.541 11.212
set 19 44.102 11.605 5.659 12.636 8.456
set 20 13.838 13.730 10.206 19.869 10.911
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1-E

Table S-79: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA (using the non-default vector ad-
dition algorithm) from the last optimization step of the runs 1-E. The data
were obtained by transformation of the respective structures to a common
reference frame, followed by recalculating the alignment tensors with the in-
house software RDC@hotFCHT.[9]

β/◦

Set 1-E11 1-E17 1-E23 1-E31 1-E39
set 1 6.038 10.846 4.915 4.829 12.146
set 2 4.647 11.171 7.822 5.393 8.713
set 3 9.215 9.386 2.881 2.354 15.258
set 4 7.580 5.549 4.465 3.928 17.104
set 5 11.577 3.545 4.774 2.920 11.867
set 6 7.147 11.098 2.417 1.879 16.664

1-F

Table S-80: Generalized angle β enclosed by the reference structure of IPC
and the structure obtained by TITANIA (using the non-default vector ad-
dition algorithm) from the last optimization step of the runs 1-F. The data
were obtained by transformation of the respective structures to a common
reference frame, followed by recalculating the alignment tensors with the in-
house software RDC@hotFCHT.[9]

β/◦

Set 1-F11 1-F17 1-F23 1-F31 1-F39
set 1 123.585 83.564 81.269 30.297 23.402
set 2 72.325 59.705 80.800 64.861 23.772
set 7 113.151 82.807 99.972 38.546 22.152
set 8 64.246 64.948 73.213 57.898 18.615
set 9 75.126 62.949 80.406 58.654 21.404
set 10 75.531 63.720 78.106 60.904 21.482

As before for the redundant internal coordinates algorithm 1-F also does
not converge when using the non-default vector addition algorithm.

The shown β angles describe the difference of the alignment tensors cal-
culated using the reference structure and the final structure of the TITANIA
runs. When comparing the results to the β angles obtained from the re-
dundant internal coordinates algorithm it becomes clear that the angles are
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larger for the vector addition algorithms. The reason for this behavior are
the missing restraints for the vector addition algorithms. This can lead to
a collective motion of the RDC vector orientations as discussed in the main
text for run 1-E39. In such a case the differences in the orientations of the
structures compared will always be larger due to structural distortions.
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2.4.3 Optimization Trajectories

Figure S-17: Trajectory of the Monte-Carlo rmsds obtained for the individual
runs of the setups 1-D, E and F. Shown are the data obtained by the vector
addition algorithm.
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Figure S-18: Trajectory of the normalized chiral volumes obtained for the
individual runs of the setups 1-D, E and F. Shown are the data obtained by
the vector addtion algorithm. The arrows at the top indicate the values of
the reference structure (correct configuration).
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The vector addition algorithm shows rather smooth trajectories for the setups
1-D and 1-E. The reason for this is that only RDC vectors are optimized
and the scaffold is retained. In the case of 1-E39 this can lead to a strange
behavior, where the RDC vectors show a collective movement around the
fixed structure. At some point (around iteration 190) this leads to an instant
rearrangement. Still the correct relative configuration was found for this run.

As expected the setup 1-F does not show convergence. A change of
algorithms cannot help if the data quality is not sufficient.
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2.5 RDC list

Table S-81: List of all RDCs used in the runs of 1-A, B and C.

RDC pair 11 RDCs 17 RDCs 23 RDCs 31 RDCs 39 RDCs
C1-H1 x x x x x
C2-H2 x x x x x
C3-H3 x x x x x
C4-H4a x x x x x
C4-H4s x x x x x
C5-H5 x x x x x
C7-H7a x x x x x
C7-H7s x x x x x
C10-C2 x x x x x
C6-C8 x x x x x
C6-C9 x x x x x
H1-H2 x x x x
H1-H3 x x
H1-H4a x
H1-H4s x x
H1-H5 x x
H1-H7a x x
H1-H7s x x x x
H2-H3 x x x x
H2-H4a x x
H2-H4s x
H2-H5 x
H2-H7a x
H2-H7s x x
H3-H4a x x x
H3-H4s x x x x
H3-H5 x
H3-H7a x x
H3-H7s x
H4a-H4s x x x
H4a-H5 x x x
H4a-H7a x x
H4a-H7s x
H4s-H5 x x x x
H4s-H7a x x
H4s-H7s x x
H5-H7a x x x x
H5-H7s x x x
H7a-H7s x x x
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2.6 Final structures

1-A11 1-B11 1-C11

1-A17 1-B17 1-C17

1-A23 1-B23 1-C23

1-A31 1-B31 1-C31

1-A39 1-B39 1-C39
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1-D11 1-E11 1-F11

1-D17 1-E17 1-F17

1-D23 1-E23 1-F23

1-D31 1-E31 1-F31

1-D39 1-E39 1-F39

The xyz coordinates of the final structures are all available in the supple-
mentary material.
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3 Tubocurarine (2)
Tubocurarine was optimized in two setups, which were built on the same
eight randomly generated alignment tensors. The goal was to investigate the
possibility of optimizing a rather complex structure with conformational flex-
ibility and to investigate the impact of heterogeneities on the result. There-
fore the data will differ from those in section 2. For a better understanding
the structure containing all RDCs (in addition to the respective RDC list in
section 3.3) is given here.

2

Figure S-19: Structure of tubocurarine 2 with all RDCs used for the TITA-
NIA optimization marked in red.
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3.1 SECONDA eigenmodes
The eigenmodes of 2-A and 2-B give additional insights into the homogene-
ity and heterogeneity of the RDC data. As expected from literature the
eigenmodes 1 to 5 obtained from the homogeneous setup 2-A have equally
distributed elements with no spikes. This is also expected from figure 10 in
the main text showing the SECONDA plot of 2-A and 2-B, in which the
collectivities of 2-A are all larger than 50 %. This behavior is changed dras-
tically by adding heterogeneity in setup 2-B. Here most eigenmodes contain
large spikes, which can all be assigned to 1DCN couplings. These couplings
have the largest relative error in the data set. This is due to the fact that
the added random numbers were not scaled down for these RDCs despite the
low magnitude of the corresponding Dmax. The effect of the heterogeneity is
even large enough that the principle variance λ4,2−A and the corresponding
eigenmode |42−A〉 coincide with λ5,2−B and |52−B〉 (see gray trace in fig. S-
20). This means that a principle variance and eigenmode which is mainly
elicited by the synthetic error (λ4,2−B) is within the first five eigenvalues,
thus implying a shift of eigenvalues. Additionally λ5,2−A and |52−A〉 are very
similar to λ7,2−B and |72−B〉 (see gray trace in fig. S-20).
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Figure S-20: Eigenmodes of the setups 2-A (blue) and 2-B (red) obtained
from SECONDA. Note that in the panel on the right (2-B) a superposition
with the corresponding eigenmodes of 2-A is shown. For eigenmodes |52−B〉
and |72−B〉 the corresponding eigenmode of 2-A is |42−A〉 and |52−A〉, re-
spectively. These are shown in gray.
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3.2 Orientations
3.2.1 Tubocurarine run 2-A

The RDCs of run 2-A were calculated by the orientations summarized in
table S-82. These orientations were generated from random numbers, where
Azz was constrained to be lower than 1e-2.

Table S-82: Orientational data used for the artifical RDC sets of run 2-A
and 2-B.

Set Azz R α/◦ β/◦ γ/◦

set 1 -2.522e-03 2.534e-01 19.620 117.810 39.700
set 2 7.391e-04 4.661e-01 71.810 75.570 146.000
set 3 -7.096e-04 6.177e-01 66.370 138.590 116.000
set 4 -8.076e-04 5.195e-01 61.600 154.440 119.000
set 5 -1.580e-03 3.812e-01 148.030 117.480 149.500
set 6 -8.315e-04 6.143e-01 142.480 103.210 156.400
set 7 -7.961e-04 3.370e-01 45.600 118.300 131.000
set 8 6.659e-04 5.547e-01 164.010 71.820 72.200

Output orientations
All orientiations of setup 2-A obtained from the full TITANIA optimiza-
tion runs are listed in the following section. Changes of the Euler angles,
compared to the input data listed above, are due to the change of the ref-
erence frames (TITANIA used the principle axis system of the molecule).
The comparison of the input and output data is summarized in table S-85
(section 3.2.3).
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Table S-83: Orientational data of tubocurarine 2 obtained by TITANIA on
the last optimization iteration for the runs 2-A.

Set Azz R α/◦ β/◦ γ/◦

set 1 -2.645e-03 3.105e-01 27.927 60.902 131.974
set 2 7.445e-04 4.327e-01 67.523 112.378 33.395
set 3 6.992e-04 6.290e-01 69.164 135.421 34.727
set 4 -7.588e-04 5.840e-01 64.918 33.967 59.359
set 5 -1.457e-03 4.094e-01 139.165 70.484 30.973
set 6 7.758e-04 6.192e-01 171.343 134.193 107.367
set 7 -7.646e-04 3.274e-01 49.797 70.676 46.730
set 8 6.092e-04 5.309e-01 172.420 115.822 109.699

3.2.2 Tubocurarine run 2-B

The RDCs of run 2-B were generated from the 2-A RDCs with addition
of Gaussian error (σ = 0.5 Hz). All orientiations of setup 2-B obtained
from the full TITANIA optimization runs are listed in the following section.
Changes of the Euler angles compared to the literature data listed above are
due to the change of the reference frames (TITANIA used the principle axis
system of the molecule). The comparison of the input and output data is
summarized in table S-85 (section 3.2.3).

Table S-84: Orientational data of tubocurarine 2 obtained by TITANIA on
the last optimization iteration of run 2-B.

Set Azz R α/◦ β/◦ γ/◦

set 1 -2.822e-03 3.615e-01 17.286 88.193 145.503
set 2 6.736e-04 4.686e-01 34.365 92.548 32.461
set 3 6.277e-04 6.485e-01 40.373 115.349 21.292
set 4 -6.981e-04 6.483e-01 17.325 30.906 105.648
set 5 -1.792e-03 4.060e-01 123.030 52.257 38.777
set 6 9.544e-04 6.394e-01 137.002 141.092 78.246
set 7 -7.975e-04 2.826e-01 24.163 64.957 64.493
set 8 7.868e-04 5.060e-01 147.746 137.159 90.780
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3.2.3 Change in Orientations

To quantify the similarity of the input and the output orientations a com-
mon reference frame has to be used. Therefore an all atom rmsd structure
alignment was performed to match the TITANIA output structure with the
reference structure (or its enantiomer). The alignment tensors of the trans-
formed structures are recalculated and the differences in the orientations
(TITANIA vs. reference) are expressed by the β angle.

Table S-85: Generalized angle β enclosed by the reference structure of
tubocurarine and the structure obtained by TITANIA from the last optimiza-
tion step of the runs 2-A and 2-B. The data were obtained by transformation
of the respective structures to a common reference frame, followed by recal-
culating the alignment tensors with the in-house software RDC@hotFCHT.[9]

β/◦

Set 2-A 2-B
set 1 8.986 26.982
set 2 14.368 43.365
set 3 10.712 40.292
set 4 14.001 48.061
set 5 5.750 23.571
set 6 9.489 36.148
set 7 9.769 35.040
set 8 12.558 30.525

The β angles for comparison of the reference and final structure in run
2-A are induced by structural change. Additionally to fluctuations of the
spherical angles (angular part of the RDC definition) the bond lengths and
distances (radial part of the RDC definition) show deviations from the refer-
ence structure. These changes lead to differences in the alignment parameters.
2-B shows even higher β angles, which are caused by the same fluctuations,
but additionally heterogeneities in the RDCs come into play. This is even
more pronounced by the fact, that the final 2-B structure shows large dis-
tortions in the methoxy groups, leading to a change in the process of finding
a proper common reference frame. These distortions are marked in fig. S-21.
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start reference

2-A(final)

2-B(final)

Figure S-21: Comparison of tubocurarine 2 structures. Shown are the start
structure of the optimizations (left), the reference structure used of the
prediction of the RDCs (right) and the final structures obtained from the
TITANIA optimization runs (middle). In the structure of 2-B the methoxy
groups marked showed large distortions which did not disturb the overall
structure optimization.

Table S-86: Generalized angle β enclosed by the orientations of tubocurarine
2 obtained by TITANIA in the last optimization step of the runs 2-A and
2-B. The structures were transformed into a common reference frame by
all atom rmsd alignment. Additionally the β angle was calculated from the
reference structure to separate the change induced by errors.

β/◦

Set TITANIA Reference
set 1 27.9157 10.545
set 2 40.1463 12.704
set 3 34.3988 6.933
set 4 31.1403 14.173
set 5 23.0264 2.6737
set 6 33.5241 6.9610
set 7 32.2838 4.0627
set 8 18.0189 3.0128

The previously discussed β angles in table S-85 (2-B) can again be found
in table S-86 when comparing the final TITANIA structures. Separating the
influence of the structure, as above, from the heterogeneities by using the
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reference structure (see column Reference in table S-86) relatively small β
angles are found. This means, that the difference of the individual 2-A and
2-B sets is mainly elicited by the changes in the mean structure.
Comparing the final structure of 2-A and the reference structure it becomes
clear, that TITANIA is capable of a simultaneous interpretation of the RDC
data in the context of conformational and configurational structure determi-
nation, as long as sufficient data is available.

3.3 RDC list
The RDC lists of the IPC 2 runs were equal for the respective sets of align-
ment media. All RDCs used for 2-A and 2-B are listed in table S-81.

Table S-87: List of all RDCs used in the runs of 2-A and B.

RDC pair RDC pair
C21-H21a C21-H21e
C22-H22a C22-H22e
C25-H25 C19-H19
C44-N20 C45-N20
C18-H18r C18-H18s
C31-H31 C32-H32
C34-H34 C35-H35
C36-H36r C36-H36s
C6-H6 C43-N1
H1-N1 C2-H2a
C2-H2e C3-H3a
C3-H3e C10-H10
C7-H7 C17-H17
C15-H15 C14-H14
H21a-H21e H22a-H22e
H21e-H22a H3e-H7
H2e-H3e H2e-H3a
H2a-H3e H2a-H3a
H2a-H36r
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4 Strychnine (3)
Strychnine 3 is an example used to demonstrate the optimization of a highly
fused carbon scaffold. Since previous examples already have shown that opti-
mizations can still be performed when heterogeneities are present in the RDC
data, we refrain from repeating to take this discussion again and perform the
optimization only with artificial RDCs.

4.1 SECONDA plot

Figure S-22: SECONDA plot of strychnine run 3-A. Plotted are the col-
lectivities κ in respect to the eigenvalues λ (black) of the RDC covariance
matrix. In addition the cumulative sum (red) of the eigenvalues were plotted
to measure the participation of the principle variances to the overall variance
of the RDC matrix.

The SECONDA plot shows a linear independence of the setup, which
is comparable to 1-A (λ1,1−A/λ5,1−A between 5 and 9). As expected no
additional non-zero eigenvalues λn (n > 5) are observed since homogeneous
back-calculated RDC data was used.

4.2 Orientations
4.2.1 Strychnine run 3-A

Input orientations
The RDCs of run 3-A were calculated by the orientations summarized in
table S-88.
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Table S-88: Orientational data used for the artifical RDC sets of run 3-A.

Set Azz R α/◦ β/◦ γ/◦

set 1 4.702e-04 249e-01 101.85 -126.97 -138.66
set 2 5.529e-04 281e-01 90.67 -11.21 87.58
set 3 1.761e-04 478e-01 148.27 -63.18 110.96
set 4 9.310e-04 408e-01 22.86 122.49 -12.90
set 5 2.507e-04 329e-01 178.66 -142.29 136.69
set 6 2.094e-04 517e-01 132.02 62.69 -147.29
set 7 2.134e-04 246e-01 140.50 -45.14 -84.16
set 8 4.079e-04 628e-01 115.52 -87.76 -135.31
set 9 4.750e-04 578e-01 142.36 106.33 -25.05
set 10 5.166e-04 486e-01 71.08 173.66 91.56
set 11 2.898e-04 310e-01 159.43 -1.56 -35.12

Output orientations
All orientiations of run 3-A obtained from the full TITANIA optimization
runs. The orientations differ from table S-88 due to the change of the refer-
ence frame (TITANIA used the PAS of the inertia tensor). The comparison
in the same reference frame can be found in table S-90 (section 4.2.2).

Table S-89: Orientational data of strychnine 3 obtained by TITANIA on the
last optimization iteration for the runs 3-A.

Set Azz R α/◦ β/◦ γ/◦

set 1 5.681e-04 3.097e-01 100.083 127.472 126.526
set 2 4.648e-04 2.561e-01 135.899 97.251 86.745
set 3 1.724e-04 4.639e-01 21.351 76.388 140.959
set 4 9.215e-04 3.958e-01 75.032 126.756 47.192
set 5 2.600e-04 3.487e-01 79.325 153.659 57.116
set 6 2.064e-04 5.263e-01 82.353 93.409 75.199
set 7 2.105e-04 2.432e-01 118.222 4.328 148.826
set 8 4.264e-04 5.862e-01 150.163 62.968 67.569
set 9 4.755e-04 5.694e-01 3.303 124.333 24.379
set 10 5.356e-04 4.846e-01 79.299 132.038 128.516
set 11 2.938e-04 3.565e-01 145.537 139.275 125.117
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4.2.2 Change in Orientations

To quantify the similarity of the input orientations with the output orien-
tations a common reference frame is defined by an all atom rmsd structure
alignment. The differences in the respective orientations are quantified by
the generalized β angle.

Table S-90: Generalized angle β enclosed by the orientations of strychnine 3
obtained by TITANIA in the last optimization iteration of the runs 3-A (see
table S-89) and the orientations of RDC@hotFCHT (see table S-88).[9]

β/◦

Set 3-A
set 1 12.852
set 2 3.791
set 3 9.654
set 4 7.449
set 5 12.323
set 6 8.967
set 7 18.427
set 8 11.460
set 9 8.322
set 10 13.211
set 11 11.352

The β angles show rather low differences in between the reference and
final structure of TITANIA. The main reason for deviations can be found in
the strychnine structures shown in the main text figure 14. Here the plane
of the aromatic ring is tilted. This leads to the differences in the calculated
alignment tensors.

4.3 RDC list
The RDC list of the strychnine 3 run are listed in table S-91.
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Table S-91: List of all RDCs used in the runs of 3-A.

RDC pair RDC pair
C1-H1 C2-H2
C3-H3 C4-H4
H1-H2 H2-H3
H3-H4 C8-H8
C11-H11a C11-H11b
H11a-H11b C12-H12
H11a-H12 H11b-H12
C13-H13 H12-H13
C14-H14 H13-H14
C15-H15a C15-H15b
H15a-H15b H14-H15a
H14-H15b C16-H16
H15a-H16 H15b-H16
C17-H17a C17-H17b
H17a-H17b C18-H18a
C18-H18b H18a-H18b
H17a-H18a H17b-H18a
H17b-H18b C20-H20a
C20-H20b H20a-H20b
C22-H22 C23-H23a
C23-H23b H23a-H23b
H22-H23a
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5 Content of Supplementary Material
The supplementary material is available as a zip-archive which contains all
information used to perform the TITANIA runs with the respective outputs.
A README.md file was added to the archive using the markdown syntax. This
is also added here:

# TITANIA : Model Free I n t e r p r e t a t i o n o f Res idua l
Dipo la r Coupl ings in the context o f Organic

Compounds − Supplementary Mate r i a l
## F e l i x A. Roth , Volker Schmidts and

C h r i s t i n a M. Th i e l e

## Top Leve l D i r e c t o r i e s
− 1−A_IPC_20_sets
− 1−B_IPC_6_indep_sets
− 1−C_IPC_6_dep_sets
− 1−D_IPC_20_sets_err
− 1−E_IPC_6_indep_sets_err
− 1−F_IPC_6_dep_sets_err

A l l d i r e c t o r i e s l i s t e d above ( IPC se tups ) conta in
i n d i v i d u a l s u b d i r e c t o r i e s f o r the i n d i v i d u a l runs :
− ipc_xx_rdcs
− yy_ipc_xx_rdcs

where xx i s the number o f RDCs (11 , 17 , 23 , 31 and 39)
and yy are are v a r i a t i o n s o f the runs with d i f f e r e n t
s e t t i n g s ( random [ c o o r d i n a t e s ] f o r the input s t r u c t u r e
and non_redundant f o r the s t r u c t u r e g en e r a t i on a lgor i thm ) .
The i n d i v i d u a l s u b d i r e c t o r i e s conta in the input f i l e s
( input . tna ) , output f i l e s ( input . tna . out ) , f i l e s f o r a l ignment
media s p e c i f i c i n f o rmat i on ( input . tna . out . medium_label . a l i ) ,
the t r a j e c t o r y f i l e ( input . tna . out . t r j ) and the Car t e s i an
c o o r d i n a t e s o f every i t e r a t i o n s t ep ( input . tna . out . xyz ) .
Add i t i ona l d i r e c t o r i e s f o r tubocu ra r i n e and s t r y c h n i n e
d i r e c t l y conta in the r e s p e c t i v e f i l e s mentioned above .
These d i r e c t o r i e s a re :
− 2−A_tubocurarine_8_sets
− 2−B_tubocurarine_8_sets_err
− 3−A_strychnine_11_sets
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Some i n d i v i d u a l runs use d i f f e r e n t keywords , RDC data
and s t r u c t u r e s . These are l o c a t e d in the remain ing
d i r e c t o r i e s :

− keywords
− rdc s
− s t r u c t u r e s

For more in f o rmat i on on the syntax o f the input and
output f i l e s s e e Support ing In fo rmat i on s e c t i o n 1 . 2
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